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A B STR A C T

Theoretical sampling was used to select 30 high school
biology and college zoology students who examined a
simulation involving island biogeography.

The literature base

for the study was scientific reasoning, problem solving, and
prescientific conceptions.

The research questions were

answered using qualitative and quantitative methods.
The first research question was:

What number and

what type of variables would be used to evaluate biological
data?

The students used 19 categories of variables, and the

most frequently used were size, distance, and food.
The second research question was:

Will students use

the controlling variables strategy in this reasoning task?
Only four students displayed this ability while analyzing the
data.

Students used several strategies to "explain away"

evidence that conflicted with their hypotheses.
The third research question was:

To what extent will

students use a theory of evolution to explain biological
evidence?

This rarely occurred, and possible reasons for the

missing application of evolutionary theory were:

(a)

confusion of ultimate and proximate causation, (b) presence
of prescientific conceptions, (c) conflict of a literal
interpretation of the Bible with scientific reasoning, (d) lack
of fam iliarity with evolutionary evidence, (e) influence of
home environment, and (f) teacher effects.

The fourth research question was:

After students have

generated their own hypotheses to explain the data, what
effect will a researcher-introduced theory have on the
interpretation of data?

Most students did not look at the

data again, and the great majority of those who did displayed
confirmation bias.
The fifth research question was:

What will students

see as the next step in a scientific investigation of this
situation?

Student responses were categorized into 13

divisions, the most common of which were performing field
work and gathering natural history data.
The sixth research question was:

Will the number of

biology courses students have taken make a difference in how
effectively they evaluate biological data?

The twelfth

graders outperformed all groups on almost every analysis.

It

is hypothesized that most of this can be explained by the
effects of their teacher and of informal education, especially
the employment of a family member in a science-related
fie ld .

xii

INTRODUCTION

Discourse among the fields of philosophy, cognitive
psychology, and science education is currently producing
exciting topics for research.

One aspect of this discourse

concerns the relationships among evidence, observation,
theory, and interpretation.

Although the vocabulary and

methods used by each field differ, there are many common
issues regarding these topics.

Because the evaluation of

evidence is a central activity in the process of scientific
reasoning, a person's ability to evaluate evidence is crucial
to his or her understanding and performing of science.
It is widely acknowledged that a central goal of
education is to improve a person's ability to reason (e.g.,
Lawson, 1985).

Scientific reasoning involves logical and

often mathematical skills as tools for both formal and
informal learning.

These skills are necessary for a lifetime

of learning and participation in society (American
Association for the Advancement of Science, 1989).
Students in the United States perform poorly in these
skills compared to their peers in many other countries.

In a

recent international assessment of mathematics and science
performed by the Educational Testing Service (Lapointe,
Mead, & Phillips, 1989), students in the United States ranked
9th out of the 12 countries studied in their ability to analyze
experiments.

That same study found that only 1% of students

1
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were performing at or above their grade level in their ability
to integrate experimental evidence.

When students were

tested on their understanding of scientific methods
(questions involved logic, testing hypotheses, designing
experiments, interpreting results), students from the United
States ranked next to last (Lapointe et al., 1989).

Obviously,

research into how students reason about scientific evidence
is needed to address these shortcomings.
As part of their Project 2061:

Science for All

A m e rica n s report, the American Association for the
Advancement of Science (1989) stressed that teachers
should encourage a spirit of healthy questioning in their
students.

This should include raising such questions as:

(a)

How do we know?, (b) what is the evidence?, (c) what is the
argument that interprets the evidence?, and (d) are there
alternative explanations?

Questions such as these are the

hallmark of scientific thought.
Ever since the landmark works on the development of
reasoning by Piaget and his co-workers, educational
researchers and developmental psychologists have conducted
a large and varied amount of research regarding the concept
of formal reasoning.

In education, much of this research has

involved science learning (Lawson, 1985).

One of the most

important of such works for this study is that of Kuhn,

Amsel, and O'Loughlin (1988), which uses a series of elegant
experiments to study the development of scientific thinking
s k ills .
The importance of subject matter or content in the
study of reasoning has been underutilized as a research
variable in science education (Linn, Clement, Pulos, &
Sullivan, 1989).

This trend has been changing in recent

years, especially with the increasing acceptance of the
constructivist research perspective.

My study investigates

student reasoning using biological content.

R esearch

q u e s tio n s

The research questions asked by this study are:
1.

What number and what type of variables will

students (termed subjects' expected variables as in the
sense of Linn, Clement, & Pulos, 1983) use to evaluate
biological data involving variables of size, distance,
and time (termed experimenters' comprehensive
variables as in the sense of Linn et al., 1983)?
2.

Will students use the controlling variables strategy

in evaluating biological content in a novel reasoning
ta s k ?
3.

To what extent will students use a theory of

evolution to explain biological evidence?

4.

After students have generated their own hypotheses

to explain the data, what effect will a researcherintroduced theory1 have on the interpretation of data?
5.

What will students see as the next step in a

scientific

investigation

of this

situation?

1

In order to anticipate a terminology problem, I will
state what I mean when I use the word "theory." For most
scientists, the word theory is not synonymous with the
words "belief," "idea," or "hypothesis." In most scientists'
view, a theory is a generalization from related principles and
much more complex and supported than a hypothesis (Borg &
Gall, 1983; Carin & Sund, 1985; Keeton, 1980). This
distinction does not seem to be made as strongly in the
psychological literature (e.g., Kuhn, Amsel, & O'Loughlin,
1988; Lord, Ross, & Lepper, 1979; Wright & Murphy, 1984)
where the word theory is often used to describe an idea or
hypothesis a subject has. Greenwald et al. (1986) go so far
as to define a theory as "statements that express
relationships among concepts." (p. 217) Holland, Holyoak,
Nisbett, and Thagard (1986) understand theories as "systems
of rules furnishing mental models." (p. 326) To avoid
confusion in this study, I will use the term theory in the
more limited sense as often used by scientists. For the
purposes of this study, discussions would be less confusing
if Kuhn et al. (1988) had used the word hypothesis instead of
theory. I will place their use of the word theory in
quotations marks to differentiate it from the use ofthe
word
by most scientists.

6.

Will the number of courses a student has taken in

biology make a difference in how effectively they
evaluate biological data?

A

REVIEW OF LITERATURE

Theoretical

Base

S c ie n tific

for

Research

re a s o n in g .

All the research questions deal directly with the
research base regarding reasoning and how the research on
that topic has changed its focus with time.

Piaget's 1926

and 1977 theoretical work focused on logical development
that was independent of content.

He developed tasks he

thought revealed content-free reasoning strategies, such as
the controlling of variables.

He indicated that content may

influence reasoning but assumed that these influences would
be idiosyncratic and unsystematic (Linn et al., 1983).

This

assumption has come under increasingly vigorous attack in
recent years, and now researchers have called for content to
be a central issue in science education research (Linn, 1987).
Piaget’s tasks that tested for formal reasoning were
developed using materials from the physical sciences (e.g.,
the pendulum, bending rods, balance beam, etc.).

In the past,

it was assumed that the level of operational thought
determined by these Piagetian tasks would transfer across
content areas.

Research was conducted to examine the

correlation between the Piagetian tasks and other measures
of formal reasoning both within the physical sciences and
across other content areas (cf. Lawson, 1985).

For instance,

Bart (1971) compared results on four formal tasks to written
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tests in biology, history, and literature that required formal
reasoning.

His results suggested that the formal tasks do not

have a content bias in favor of science.

Similarly, Lawson,

Nordland, and DeVito (1975) compared performance on formal
tasks to standardized achievement tests in science,
mathematics, and English and found the tasks were not
biased toward the sciences.
However, some science educators called for greater
emphasis on using science content as an important variable
in research.

In a 1973 review, Shulman and Tamir pointed to

the lack of empirical research in this vein.

Even later, in

1982, Stewart, Finley, and Yarroch pointed out that science
education researchers rarely used science content as an
important variable in their research and lamented the lack of
progress since the Shulman and Tamir (1973) review.

They

found that philosophers and psychologists were interested in
content effects on science and on learning and called upon
science education researchers to focus more on the
conceptual content of the science learning they were
studying.

They suggested that research should focus on

content knowledge held by students before and after
instruction and on how that knowledge is used in a problem
solving context.

Linn (1982) discussed the value of

examining what she called "practical" factors that influence
reasoning.

These factors included the task's content.

She

suggested these practical factors will influence w hen a

subject uses an available strategy.

Wright and Murphy (1984)

also made the distinction that the tasks used in research may
affect how well subjects perform and may not be directly
comparable to subjects’ everyday decision processes.

For

instance, they questioned whether judgments subjects made
about "content-free numbers" were analogous to judgments
made on other tasks.

They suggested that subjects must be

interested in the outcome of the comparison of data and
theory in order to pay close attention to the data.2 More
recently, Shulman (1986) has also called attention to the
need to take into account the nature of the subject matter in
the study of instruction.

He stated that education research

does not take place in a content-free context.
Most of the recent science education research has found
that reasoning ability does vary based on the content in
question.

Studies of formal reasoning began to focus on

content effects.

Linn, Pulos, and Gans (1981) pointed to the

fact that the content of the reasoning task was often ignored
in Piagetian-based studies, and they performed a study
comparing students' ability to control variables using
different types of content.

They found significant

2

This is analogous to the use of prediction as a
motivator in science education activities as advocated by
Good, Strawitz, Franklin, Smith, Roberts, and Moncada (1988).

differences in reasoning ability based on content.

Linn et al.

(1983) compared laboratory and naturalistic content
influences on formal reasoning and found that 8% to 20% of
the variance in performance was associated with the task’s
content.

Laboratory variables were described as variables

such as those seen in traditional mechanics demonstrations.
Naturalistic variables included those such as how to get the
best gasoline mileage and other "every day" situations.

Linn

et al. (1983) suggested that the laboratory tasks are closed
systems with well-understood variables, whereas the
naturalistic systems are open and have variables with
effects that are poorly understood.
In contrast, the simulation used in my study was the
"middle ground" of these two extremes.

It was not a closed

system in a laboratory sense, but the data were less vague
and unfamiliar than in the naturalistic task of Linn et
al.(1983).

Also, some variables were very evident in the

data, whereas others were latent and left up to the students
to introduce.

Saunders and Jesunathadas (1988) found

student performance on proportional reasoning varied
according to the degree of fam iliarity with content.

Linn et

al. (1989) studied the effects of instruction of content with
instruction of a formal reasoning strategy (controlling
va ria b le s ).
Most recently, several researchers have advocated
dropping the terms "concrete" and "formal" reasoning because

they have historically focused on a supposed formal logical
development of students.

Lawson, Abraham, and Renner

(1989) and Lawson, McElrath, Burton, James, Doyle,
Woodward, Kellerman, and Snyder (1991) have suggested
using the contrasting terms of "intuitive" and "reflective"
reasoning instead.

However, Lawson et al. (1991) still

seemed to think there was a general pattern of reasoning
that could be measured and that transfered across content.
In contrast to searching for this generalized pattern of
reasoning, a recent special issue of the Journal of Research
in Science Teaching (Linn, Songer, & Lewis, 1991b) was
devoted to students' models and epistemologies. This special
issue suggested that history and philosophy of science be
incorporated into curricula and that the students' views of
these topics become a focus for research.

In discussing

cognition in the different domains of science and "everyday"
life, Reif and Larkin (1991) stated that "people have devised
correspondingly different cognitive means well adapted to
attain the differing goals of these domains" (p. 745).
Schauble, Klopfer, and Raghavan (1991) stressed that
research in reasoning should attend both to content and to
student beliefs about the goals of experimentation.

These

and other studies suggested that content should be
considered in reasoning studies.

In fact, the research

paradigm of constructivism would say that content is an
integral part of reasoning.

-
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Constructivism.
All research questions in this study can be addressed
using the recent research based on a constructivist paradigm.
This provided a theoretical base for content-specific
research on reasoning (e.g., Driver & Bell, 1986).
Constructivism holds that learners construct their own
meaning of material when they learn.

In meaningful learning,

the learner restructures his/her knowledge.

In Gowin's

(1981) words, learning was "the active reorganization of an
existing pattern of meaning" (p.124).

This view necessarily

emphasized the importance of the learner's prior knowledge
of the content involved (American Association for the
Advancement of Science, 1989; Linn, 1987).
also stressed that learning was idiosyncratic.

Gowin (1981)
This can be

contrasted with the classical Piagetian paradigm, which
assumed students were progressing toward a state of formal
logical thought that operated across content areas.

The

assumptions of constructivism imply that the content
learned should be a crucial factor in how an individual
reasons.
All the literature which dealt with students'
conceptions and the literature of concept mapping dealt
explicitly with how a person thought about a particular area
of content.

How a person understood concepts and their

relationships to other concepts was vital to how he or her

\

evaluated data dealing with those concepts.

In a position

paper following a major conference, Linn (1987) emphasized
"the central role of content" in student learning and stated
that "learners build conceptual frameworks that are complex,
highly organized, and strongly tied to specific subject
matter" (p. 196).

Yekovich, Thompson, and Walker (1991)

stressed that the ability to reason within a complex domain
was dependent not only on the amount of declarative
knowledge a learner has but also on practice and real world
experience in the domain. My study operated under the
assumption that the content involved and one's prior
knowledge were fundamental to the nature of one's reasoning
during the evaluation of data.

R elationship

of

"Theory"

to

Evidence

The fourth research question dealt with how a given
theory would influence later evaluation of evidence.

Klayman

and Ha (1987) mentioned that studies dealing with how
students test hypotheses were lacking in the psychological
literature.

Wright and Murphy (1984) stated that, "the exact

role of theories and expectations in guiding, or in misguiding,
the detection and interpretation of evidence remains largely
unclear" (p. 301).

The question of how and why a student

actually uses a theory would best be answered using detailed
qualitative

analysis.

The recent synthetic work by Kuhn et al. (1988) was a
detailed study that addressed the relationships among
evidence, theory, and interpretation in a series of welldesigned experiments.

Kuhn et al. (1988) tried to use

naturalistic subject matter (e.g., What features make a
tennis ball serve well when hit?) that would identify
thinking skills without being dependent on knowledge of
particular subject matter.
included:

Kuhn et al.'s (1988) conclusions

(a) Subjects demonstrated a lack of differentiation

between "theory" and evidence, (b) subjects displayed
confirmation bias, (c) subjects adjusted both evidence and
"theory" during the evaluation of evidence, (d) and subjects
more readily believed disconfirming evidence of a "theory"
that they did not hold than they believed disconfirming
evidence of a "theory" that they did hold.

My study addressed

all of these conclusions.
Kuhn et al. (1988) stressed that their work addressed
an area lacking in previous research-reasoning about
multivariable causal influences.

Kuhn et al. (1988) also said

that, except for their own work, no developmental works had
studied multivariable causal inference.
work.

My study was such a

Linn (1990) gave the Kuhn et al. (1988) book a

generally positive review; however, she criticized the lack of
emphasis in the study of the evaluation of conflicting and
uncertain evidence.

Linn based this criticism on the current

philosophical belief about the complex interdependence of

theory and evidence.

My study was designed to address this

concern by providing ambiguous data and by examining the
students' use of the data as evidence relevant to any theory
or hypothesis they might introduce.

Confirm ation

Bias

and

Reasoning

about

Evidence

Psychologists have long studied the tendency for
subjects to evaluate evidence in such a way as to confirm
their previously held beliefs, hypotheses, or theories
(Chapman & Chapman, 1969; Wason, 1960). This tendency to
confirm one's own hypothesis was called confirmation bias
(Greenwald, Pratkanis, Leippe, & Baumgardner, 1986;
Klayman & Ha, 1987).

This effect has been studied in a

quantitative way in the psychological literature in a variety
of contexts.

However, few if any detailed qualitative studies

existed that addressed whv and how subjects displayed
confirmation bias.

The qualitative aspects of my study

addressed how students' evaluation of evidence changed with
the introduction of a theory from an "authority" and sought to
answer whv this interaction of theory and evidence took
place.
The paper most often described as the first work
demonstrating the phenomena of confirmation bias was that
of Wason (1960).

Wason (1960) asked students to formulate

a rule to describe a series of numbers they were presented.

The numbers (2, 4, and 6) suggested "numbers increasing by a
magnitude of 2."

However, the actual rule was simply

"increasing numbers."

To test the rule, most students

formulated series of numbers that merely confirmed the
"increasing even numbers" rule instead of formulating series
that would disconfirm the rule.
As more literature accumulated regarding confirmation
bias, the construct itself was elaborated on and/or
subdivided.

Doherty, Mynatt, Tweney, and Schiavo (1979)

described confirmation bias as both the failure to change an
opinion in the face of nonsupporting or contradictory
evidence and as the selection of data favoring one hypothesis
while ignoring data likely to contradict that hypothesis.
Both types of confirmation bias were demonstrated by
Doherty et al. (1979).

Doherty et al. (1979) also found a

tendency for subjects to seek worthless information
regarding a decision in the task.
pseudodiagnosticity.

They termed this tendency

Fischhoff and Beyth-Marom (1983)

viewed the term "confirmation bias" as actually a cluster of
phenomena related to both information search and
interpretation.

This could include mistaking affirmation for

confirmation and comparing a favored hypothesis to another
one while assuming these were the only two explanations
available.
Greenwald et al. (1986) tried to integrate the
philosophy of science with the study of confirmation bias.

They used a case study of the development of a psychological
construct called the "sleeper effect" to show confirmation
bias on the part of researchers.

The sleeper effect was

described as an effect that took some time to become
apparent (e.g., a film that has a greater impact weeks after
viewing than immediately thereafter).

Greenwald et al.

(1986) tried to demonstrate that theory had actually
obstructed research in this field.

For example, there were

several explanations for the occurrence of the sleeper effect,
but only one was widely adopted and researched by the field.
Greenwald et al. (1986) also stated that theory-confirming
works were emphasized in the literature, whereas null
results were overlooked.
Some studies used scientific content in the exploration
of confirmation bias.

Mynatt, Doherty, & Tweney (1977)

stated that they studied confirmation bias in scientific
inference, but they did so with abstract material that was
not based on a scientific theory.

For instance, Mynatt et al.

(1977) used a computer simulation showing objects of
differing shapes and brightness.

Moving particles were

displayed on the screen that would stop their motion when
they contacted objects of a specific brightness.

Kuhn and

Brannock (1977) studied the isolation of variables in a
"natural experiment" which presented subjects with live
plants in various stages of health with varying care regimes.
Subjects attempted to identify the variables affecting plant

health and were found to distort reality to make the evidence
to fit their explanations better.

Doherty et al. (1979)

provided experimental material that could be used as if it
were scientific evidence related to archaeological finds.
Cauzinille-Marmeche, Meheut, and Weil-Barais (1985) found
that children experimented to confirm their hypotheses
regarding the burning of a candle in containers varying in
size, shape, and volume.
Not all researchers saw confirmation bias as a
deleterious strategy.

Wright and Murphy (1984) conducted

one of the few such studies that included a treatment
condition, as performed in my study, in which subjects were
given no prior hypotheses about the data.

Wright and Murphy

(1984) found that subjects who did have prior "beliefs" were
often able to evaluate evidence better than subjects lacking
such "beliefs."

In one treatment condition, these "beliefs"

were incorrect, but they still seemed to aid in enhancing
sensitivity during the evaluation of data.

This suggested

that the utility of a theory has to be balanced between its
potential negative biasing effects and its possible positive
"robustifying"

effects.

Theory utility was also addressed by Crocker (1981),
who stated that subjects' theories would have the greatest
effect when the data were sufficiently ambiguous to be
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classified as confirming or disconfirming.

This hypothesis

was addressed in my study regarding research questions two
and four.
Greenwald et al. (1986) stated that confirmation bias
could be a useful heuristic tool and could work well.

In

addition, confirmation bias was seen as reinforcing and,
therefore, motivating to a researcher who was in the
"establishment."

Confirmation bias was described as a

conservative force because it delayed support for alternative
hypotheses (Greenwald et al., 1986).

The presence of a

conservative force was not always a positive situation.

In a

recent review, Klayman and Ha (1987) explored confirmation
bias as part of what they called a positive test strategy.
They compared this strategy to the falsification strategy of
the philosopher Karl Popper (1972).

They emphasized that in

many cases, positive testing was a useful heuristic
procedure, and its degree of usefulness could depend on the
task involved.
In summary, a detailed analysis regarding how the task
involved affects the evaluation of evidence was still lacking
and was addressed in my study.

Few studies have studied

confirmation bias in the evaluation of theory-based
scientific evidence and even fewer present the evidence in a
setting that resembles real world situations.
both.

My study did

Using the Theory of Evolution to
Biological

Reason

About

Eyjd.e.njig

Research question number three deals with the extent
to which the students will use a theory of evolution in their
evaluation of the evidence.

In contrast to the preceding

section on student "theories," the theory of evolution is a
theory in the "scientific" sense of the word that was
applicable to the evidence the students saw in this study.
Evolution is studied in a variety of contexts from
molecular systemics to global ecological changes.

The

scientists involved in these various enterprises have
different definitions of evolution (Wycoff, 1992).

For the

purposes of this study, when the "theory of evolution" is
mentioned, it refers to the postsynthesis view of evolution
through natural selection as most typically described in high
school and introductory college textbooks.
To understand both why the theory of evolution is
important to interpreting biological phenomena and why
students might not apply the theory in this study, it will be
helpful to discuss the difference between ultimate and
proximate causation (Cummins & Remsen, in press).

The

existence of multiple levels of causation, with the relative
importance of ultimate causation, is one of the most
important differences between the physical sciences and
biology (Mayr, 1961, 1988; Rosenberg, 1985).

For a scientific

explanation to be complete, it must be able to explain the

chain of causes behind the event of interest (Rosenberg,
1985).

Because all living systems are products of evolution,

a truly complete causal explanation of a biological
phenomenon should include an explanation based on the
evolutionary history of the phenomenon in question.
Mayr (1961, 1988) gave an excellent description of
ultimate and proximate causations in biology.

The study of

ultimate causes has been the domain of evolutionary biology.
The study of proximate causes has been the domain of
biological specialties such as physiology.

This distinction

was not as important to the physical sciences because the
phenomena they dealt with could often be considered
independent of their history.
Mayr referred to Baker (1938) and further developed the
importance of levels of causation in his much-cited work on
causation in biology (Mayr, 1961) and in the second chapter of
Toward a New Philosophy of Biology:
Evolutionist (1988).

Observations of an

As outlined by Mayr (1961, 1988), the

need for distinguishing ultimate from proximate causes in
biology arises because the historical information encoded in
genes is a unique property of living things.

Organisms

reproduce, and the resultant progeny inherit this genetic
material.

If the genetic differences among individuals result

in differences in their ability to survive and reproduce, then
the simple arithmetical consequence of such differential
success is that some genotypes will come to predominate in
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the population.

Ayala (1970) stated that this process,

natural selection, was the ultimate source of explanation in
biology.
Many biology courses do not ask students to consider
ultimate causation in the explanation of a biological
phenomenon.

Even courses that do offer treatments of

evolution often do it as a "chapter" or "unit" and not as a
recurring theme throughout the course.

Most textbooks deal

with biological topics as discrete entities (e.g., the cell,
various organ systems, ecosystems) discussed separately
from their common evolutionary origins.

Another explanation

for the lack of student reasoning using ultimate causation
might be related to how laboratory experiments in school
science are usually conducted.

Most experiments students

are exposed to in school deal with proximate causation (e.g.,
physiology, mechanics, chemical reaction, etc.).

Therefore,

students are not accustomed to using time (reasoning based
on ultimate causation) as a variable in science (Cummins &
Remsen, in press).

This can be related to the findings of

Texley and Norman (1984), who hypothesized that if the
logical structure of a discipline were less frequently used, it
would affect the reasoning ability in that subject.

Further

evidence for this was found by Hauslein, Good, and Cummins
(in press), who found that scientists are better able to

switch back and forth between thinking about proximate and
ultimate causations than were preservice teachers, inservice
teachers or biology majors.
The teaching of evolution and its relation to religion
has a long, controversial history and continues to be
controversial today:
...the ground of the opposition to Evolution is mainly
religious.

The old claim of forty or fifty years ago is

revived with fervid excitement, that it contradicts the
Bible account of the origin of the world and of man, and
therefore destroys belief in God and overthrows
religion.

Thus we have the amazing spectacle, not only

of both religion and science being dragged into the
arena of politics, but actually of legislatures setting
themselves up as judges of what is and what is not true
science, and of what is and what is not true religion.
(p. vii)
This quote sounds as if it could have been a discussion about
Louisiana's creation science courtcase of just a few years
ago.

However, it came from a book by Jabez T. Sunderland

written in 1925.

A 1991 Gallop poll found that 47% of United

States citizens feel that humans were created by God in the
basic form that they exist today, and that this occurred
within the last 10,000 years.

Further interesting results

were found in comparisons of adults from the United States
and Japan.

Nearly twice as many Japanese answered that

human beings developed from earlier species of animals as
those polled from the United States (Langreth, 1991).

This

result was especially insightful because the Japanese adults
did not do as well on scientific questions that carried no
Christian fundamentalism implications.

The prescientific

conceptions found in my work related to religion and those
not so related will be discussed later in this study.

Grounded

Theory and Science

Education

Research

The data for this research were collected and analyzed
to generate grounded theory.

The following literature review

will attempt to describe the background and the methods
associated with grounded theory and to provide some
examples of the use of the technique from the research
literature of science education.

Grounded

theory

-

background

and

description.

Many textbooks on qualitative methods and/or
ethnography stated that generating grounded theory was an
advantage of qualitative methods (e.g., Agar, 1980; Bogdan &
Biklen, 1982; Hammersley & Atkinson, 1983; McCall &
Simmons, 1969).

Perhaps the most effective way of defining

how a researcher generates grounded theory (cf. Glaser and
Strauss, 1967) is to say first how it is not done.

Grounded

theory is not generated by having a preconceived hypothesis

about a topic and then gathering data to test that hypothesis.
Grounded theory comes about in an opposite manner. One
gathers data and in their analysis, makes abstractions by
finding repetitive events or categories that lead the
researcher to formulate hypotheses (Bogdan & Biklen, 1982).
Thus, these hypotheses are said to emerge from the data and
are also grounded to the data.

Hypotheses are formed from

the "bottom up" instead of from the "top down" (Bogdan &
Biklen, 1982).

When further developed, these hypotheses are

referred to as grounded theory.

Research produced in this

way includes description, but the theories produced make the
research much more than simply description (Bogdan &
Biklen, 1982).
Historically, the philosophical foundation for grounded
theory came from the school of American pragmaticism and
George Herbert Mead (Hutchinson, 1986). Grounded theory has
also been related to the philosophy of Thomas Kuhn (1970),
who contrasted paradigmatic research and paradigmtranscending research.

Paradigmatic research uses theories

in already established paradigms.

Paradigm-transcending

research, such as the generating of grounded theory, seeks to
go beyond previously existent theories and paradigms
(Hutchinson, 1986).
Hutchinson (1986) stated that the sociological
foundation for grounded theory was from symbolic
interactionism.

Using this viewpoint, objects, people, and

events did not possess their own meaning, but instead
meaning was conferred upon them (Bogdan & Biklen, 1982).
Symbolic interactionism can be contrasted with positivism.
A positivist sees the world or "truth" as being "out there" to
be studied.

A symbolic interactionist sees the world as being

"socially and symbolically constructed, always emerging and
relative to other facts" (Hutchinson, 1986).

Therefore, a

grounded theorist seeks to discover how this world is
constructed by the participants in the study.
Data can be said to have four basic functions:

(a) they

can be used to initiate new theory, or (b) reformulate, (c)
refocus, and (d) clarify existing theory (Denzin, 1978).

Data

used to generate grounded theory do each of these, but their
unique value comes from the initiation of new theory
(Hutchinson, 1986).

Grounded theory is developed by

induction rather than by deduction.

The deductive method

characterizes most of quantitative research.

Generating

theory in an inductive way rather than a deductive way has
several advantages.

First, because the researcher is not tied

to findings already present in the literature, original
hypotheses are allowed to be formed because analysis of the
data is not limited to certain parameters.

In fact, this may

be why studies done using grounded theory have generated so
many of the new and powerful ideas in the social sciences
(McCall & Simmons, 1969).

Secondly, the data collection and

analysis are done concurrently rather than separately (Agar,

1980).

This allows for the third advantage, which permits

the researcher to modify the way in which data are collected
in order to focus more on the emergent hypotheses.

This will

allow the hypotheses to be provisionally tested and changed
if need be (Agar, 1980).

Therefore, research becomes a

dialectic process -- not a linear one (Agar, 1980).

Once

developed, the grounded theories can be tested by qualitative
or quantitative means (McCall & Simmons, 1969).
Richer (1975) saw grounded theory research as a way to
deal with the null findings and inconsistent results of
educational research.

He proposed that we lack relevant

frameworks, and relevant frameworks cannot come from
existing theory.

The generation of new relevant frameworks

for research must come from inductive methods of data
gathering.
The data gathered by a person who attempts to generate
grounded theory can take many forms.

Participant

observation is the technique most commonly associated with
grounded theory.

In this method, data are gathered by the

researcher as he/she observes the phenomenon of interest.

In

this technique, data collected include how the people
involved act toward the researcher and how the researcher
reacts toward them (Bogdan & Biklen, 1982; Hammersley and
Atkinson, 1983; Hutchinson, 1986; Smith, 1982).

The

researcher becomes part of the situation to gain access to
the information needed for the research.

Additional data can

be gathered by informal or formal interviews, questionnaires
or surveys, photographs, and review of relevant documents
(Bogdan & Biklen, 1982; Hammersley & Atkinson, 1983;
Hutchinson, 1986; McCall & Simmons, 1969).
Detailed methods for generating grounded theory during
data analysis can be found in Glaser (1978).

Basically, the

methods involved trying to discover what was called a "core
variable".

This could be considered a "main theme" in the

data (Glaser, 1978).

The core variable should reoccur

frequently in data, link data together, and explain much of the
variation in the data.

This variable becomes the base for the

theory generated (Hutchinson, 1986).

Looking for this

variable is why Glaser (1965) suggested it was a mistake to
attempt to generate grounded theory while separating the
coding of data from the analysis of data.

Glaser (1965)

suggested that to code data first would interfere with the
"designing and reintegrating of his theoretical notions as he
reviews his material."

Glaser (1978) suggested that the data

be coded only enough to suggest theory, and then further
coding should be based on the emerging theory.
Issues of validity and reliability almost always arise in
a discussion of qualitative methods and grounded theory.

One

way of checking on the validity of a piece of developing
theory is to look for consistency across multiple data
collection methods (e.g., participant observation, documents,
etc.) (Hutchinson, 1986).

This process is called triangulation
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(Hammersley & Atkinson, 1983; Rist, 1982; Smith, 1982).
Reliability can be established by multiple researchers
working on the topic or by checks on the analysis of data by
independent researchers (Hutchinson, 1986).

Some

researchers advocated the presentation of the material to the
actual participants in the study for their input as to the
reliability of the analysis (e.g., Hammersley and Atkinson,
1983; Spector, 1984; Spector, 1985; Tobias, 1990).
There has been a debate for more than 20 years over
whether it is possible to test grounded theory during the
analysis stage.

Glaser (1965 and 1978) suggested using what

he called the constant comparative method of analysis, which
involved analyzing the data in such a way that the researcher
was constantly comparing incidents in the data and looking
for similarities and differences.

This would lead to the

formation of categories for analysis that could be developed
into theory.

Glaser (1965) and Spector (1984) said this

method did not allow for the testing of theory during analysis
but instead produced a theory that could be tested at a later
date.
The method of analysis called "analytic induction"
(Glaser, 1965; Hammersley & Atkinson, 1983; McCall &
Simmons, 1969) does allow for both the generation of
grounded theory and its testing.

It was originally developed

by Znaniecki (1934) and has been subsequently refined.
Denzin (1978) listed the following steps for analytic
induction:
1.

A rough definition of the phenomenon to be explained

is formulated.
2.

A hypothetical explanation of that phenomenon is

form ulated.
3.

One case is studied in the light of the hypothesis

with the object of determining whether the hypothesis
fits the facts in that case.
4.

If the hypothesis does not fit the facts, either the

hypothesis is reformulated or the phenomenon to be
explained is redefined, so that the case is excluded.
5.

Practical certainty my be attained after a small

number of cases has been examined, but the discovery
of negative cases disproves the explanation and
requires a reformulation.
6.

This procedure of examining cases, redefining the

phenomenon, and reformulating the hypothesis is
continued until a universal relationship is established,
each negative case calling for a redefinition or a
reformulation, (p. 192)

This seems very Popperian (1972) in that it assumes a
researcher goes about his/her work by looking for negative
cases.

Many philosophers of science (e.g., Schlagel, 1986)
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have attacked this view as unrealistic.

This method also

limits the amount of data used earlier than the constant
comparative method does (Turner, 1969).
It seems that the main difference in the two methods is
whether one thinks that testing a hypothesis within the
context of one study is truly a test or only an attempt to
modify a hypothesis.

Glaser (1965) and Spector (1984) would

say this constant refinement of a hypothesis is not a test.
Denzin (1978) and Robinson (1969) would say it is a testing
process.
Once a theory has been generated and tested within its
research context, the question that follows is:
generalized to other contexts?

Can it be

As with any theory, this can

be established through verification studies (Hutchinson,
1986).

The literature can also be consulted to look for

support for the theory's generalizability (Bogdan & Biklen,
1982; Hutchinson, 1986).

Another way to look at

generalizability is for the researcher to answer the question
of to which other settings and subjects are the results
generalizable (Bogdan & Biklen, 1982; Borman, LeCompte, &
Goetz; 1986).

This is a different focus than trying to

generalize the results to all settings.

For instance, a study

on professional and parental interaction in a hospital may not
be generalizable to all hospital settings, but it may be
generalizable to many schools because both settings have
professional/parental interactions (Bogdan & Biklen, 1982).

It should be noted that not all qualitative research
produces grounded theory.

For instance, a researcher may

code the qualitative data gathered in such a way as to note
all relevant data dealing with one or more particular, pre
formed hypotheses (Glaser, 1965).

This method would allow

the researcher to evaluate the hypothesis but would not
allow for the generation of novel hypotheses.

This method is

often used by researchers who are more interested in
converting qualitative information into a quantitative form
(Glaser, 1965).

Grounded

theory

in _ science

education.

Several works in science education have suggested that
qualitative methods, which could generate grounded theory,
should be used in science education research.

Some of these

works discussed procedures and benefits of various
techniques (e.g., Lythcott & Duschl, 1990; Rist, 1982;
Roberts, 1982; Smith, 1982; Spector, 1984).

The most

interesting of these for my work was Spector’s 1984 paper,
which specifically discussed the generation of grounded
theory for science education.

Her discussion was a very good

overview of the philosophy and advantages of grounded theory
and was aimed at the science educator.

Spector (1984)

suggested that grounded theory could be especially helpful in
providing a basis for action related to proposed changes in an
educational setting.

Having a thorough understanding of the

setting based on grounded theory could help to minimize the
stress of change and maximize positive results.
There are a growing number of papers appearing in the
major science education journals that use qualitative
methods.

I will discuss examples of various types of

research that have truly developed grounded theory.

Spector

(1985) presented research done with the methods she
discussed in her 1984 grounded theory position paper.

This

two-year study used participant observation and interviews
to generate a model for a master's degree in science
education.

The model was created by identifying the needs of

teachers already teaching science and basing the model on
the data related to those needs.
Similar methods were used by Mitchener and Anderson
(1989) to ascertain teachers' perspectives about developing
and implementing a science/technology/society curriculum.
The researchers generated five themes of importance to
teachers, which came from the teachers' values and beliefs
as understood by the researchers.

This paper is especially

rich in quotations from teachers involved in the study.
Because teachers can be the key figure in implementing a
curriculum, understanding their concerns is vital to the
success of curricular change (Mitchener & Anderson, 1989).
Case studies provide an excellent method for generating
grounded theory.

Some of the best known examples of the

case study method of qualitative research in science

education are those done by Stake and Easley (1978) for the
National Science Foundation.

Easley assumed that existing

theories of teaching and learning were not adequate sources
of hypotheses to guide these studies (Smith, 1982).

Ten

school districts around the country were studied by using
participant observation, interviews, and document analysis.
Gallagher and Tobin (1987), Tobin and Garnett (1988), and
Tobin, Treagust, and Fraser (1988) described case studies of
biology teachers.

These case studies used participant

observation, interviews, and document analysis.

Tobin et al.

(1988) began with unfocused observations and then focussed
the data gathering once they "started to understand what was
happening".

Although they did not discuss grounded theory

methodology, they proceeded in a manner consistent with it.
Benson (1989) studied how teachers' conceptions and
institutional factors influenced what was presented to
students.

Case studies conducted in this way have produced

rich descriptive work as well as generated hypotheses that
deserve further research.
One of the most fruitful qualitative methods in science
education is the clinical interview (Easley, 1977, Lin, 1979;
Lythcott & Duschl, 1990; Posner & Gertzog, 1982).

Clinical

interviews historically are most associated with the work of
Piaget.

The ways in which clinical interviews are used vary

widely in the degree of structure of the interviews.

It should

be noted that a clinical interviewer who strictly follows a
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predetermined script does not necessarily generate grounded
theory.

If the questions have been designed by the researcher

to test a specific hypothesis and are followed without
deviation, then they may not allow the interviewee to
express information crucial to understanding the situation.
As mentioned before, the researcher may be using qualitative
methods but may or may not be generating grounded theory.
Some clinical interviews that did generate grounded theory
include:

Watts and Bentley (1987), who studied science

education television programs: Rice and Feher (1987), who
did their interviews in a science center; and Dickinson
(1987), who studied the development of "material kind" in
preschool through seventh grade.
Clinical interviews have been used in prescientific
conceptions research.

Because prescientific conceptions are

seen as derived from personal experience and deeply rooted in
the student's thinking (Lawson, 1988), clinical interviews
seem to be one of the best ways to gain access to the
student's thoughts (Lythcott & Duschl, 1990; McDermott,
1984).

The seminal prescientific conceptions study was done

by Nussbaum and Novak (1976).

They studied children's

concepts of the earth with structured interviews related to
specific tutorials supplied by the researchers.

Although the

interviews were structured by graphics and limited to
specific situations, they still allowed for free expression by
the students using the pictures as stimuli.

Some other

examples of the use of clinical interviews to generate
grounded theory include Lawson's (1988) work on the
acquisition of biological knowledge.

Lawson attempted to

find out what, if any, naive biological theories students had.
Arnaudin and Mintzes (1985) studied prescientific
conceptions in a cross-age study involving elementarythrough-college students.

Arnaudin and Mintzes (1985)

looked at students' conceptions regarding the human
circulatory system.

They used both concepts maps and

interviews to generate a "conceptual inventory" displayed by
the students.

Trowbridge and Mintzes (1988) studied

students' conceptions of animal classification.

This study

was fairly structured in that it used a written instrument,
which could have limited the responses given.

However, the

authors stated that the instrument was based on categories
generated by earlier work using a grounded theory approach.
McDermott (1984) discussed several papers that described
the scientific conceptions and prescientific conceptions of
students related to mechanics.

One of these, diSessa (1982),

is a good example of grounded theory work.

This study used a

computer simulation to generate student discussion.
Andersson (1986) categorized student explanations of
chemical reactions from his work and from the work of
others.

He hoped that these categories, which are grounded

theory generated, will provide a base for further research.

The so called "think-aloud" clinical interview, which is
often used in problem-solving research, can provide excellent
opportunities for the generation of grounded theory (Ericsson
& Simon, 1984; Lochhead & Clement, 1979; Newell and Simon,
1972; Smith, 1983).

A thoughtful description and

justification for the use of the think-aloud interview method
can be found in Smith (1983).

Because a problem can be

solved in a variety of ways, flexibility is a key ingredient in
a methodology used to study the process of problem solving
(Opper, 1977).

Using a strictly enforced scheme of written

or interview questions will stifle this flexibility (Lythcott &
Duschl, 1990).

Examples of studies using the think-aloud

technique to generate grounded theory for physics problem
solving include:

Chi, Feltovich, and Glaser (1981); Larkin,

Heller, and Greeno (1980); and Larkin, McDermott, Simon, and
Simon (1980).

The diSessa (1982) paper (mentioned above in

the prescientific conception section) used interviews to
categorize and describe several strategies the students used
to attempt to solve problems and, therefore, could be
considered problem-solving grounded theory as well.

Smith's

dissertation (1983) and the Smith and Good (1984) paper are
examples of grounded theory research applied to biological
(genetics) problem solving.

Camacho and Good (1989) used

similar methods in dealing with chemistry problems.

Brumby

(1984) also conducted think-aloud interviews that involved
natural selection problems.

She was able to generate

categories of student understanding, and one of these could
be considered Lamarckian.

Clough and Wood-Robinson (1985)

used structured interviews to characterize student
frameworks regarding biological adaptation.

They gave

students examples of biological adaptations and asked the
students to explain how they came about.

The researchers

then looked for recurring patterns in the types of
explanations given.

The paper that helped most to clarify the

methods used in my study was that of Kindfield (1991), who
used a combination of different interactions with her
subjects in a very effective study of expert and novice
models of meiosis.

She used traditional problem-solving

interviews combined with follow-up questions and subject
interactions with diagrams.
These examples of grounded theory research in science
education show a variety of methods in use for research
across science content areas.

Bogdan and Biklen (1982)

defended qualitative methods in general, and grounded theory
in particular, when they said:
Some people may use an extremely narrow definition of
science, calling only research which is deductive and
hypothesis-testing scientific.

But part of the

scientific attitude, as we see it, is to be open-minded
about method and evidence.

Scientific research to us,
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involves rigorous and systematic empirical inquiry;
that is, which is data-based.

Qualitative research

meets these requirements.... (p. 39)

The final product of grounded theory can be a rich explanation
of a phenomenon previously undescribed.
legitimate goal of science.

This is indeed a

This goal is particularly

important to science education.

The various complex

research thrusts and the varied nature of science content
will greatly benefit from new theoretical frameworks and
more detailed understandings.
both.

Grounded theory can provide

MATERIALS AND METHODS
Overview
The experimental design incorporated some strategies
used by Kuhn et al. (1988) but instead had variables based on
actual biological concepts and theories.

The evidence

presented to students was a simulation of biological data.
The students' evaluation of the evidence provided both
quantitative and qualitative data.

The study and its method

can be illustrated using the Gowin’s Vee (Gowin, 1981) shown
in Figure 1.
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Gowin's Vee of dissertation

Subjects
Because this study used evolution as an important
variable, the students chosen as subjects were from the high
school level and above.

Fulfilling the Promise:

Biology

Education in the Nation's Schools (National Research Council,
1990) suggests that evolution be stressed relatively more in
the later grades instead of earlier because other topics (such
as natural history and human physiology and anatomy) are
more suitable for the earlier grades.

The pilot study for this

dissertation had students who did not incorporate time
and/or the theory of evolution into their evaluation of the
evidence.

Their teacher did not believe in the theory of

evolution, and this could have influenced how he presented
inform ation. Therefore, students for this study were part of
a theoretical sample designed to eliminate the extraneous
variable of lack of prior knowledge based on instructional
deficiencies.

For instance, students cannot be expected to

reason using evolutionary theory if they have not been
exposed to it.

Therefore, several features of the sample

ensured that students had been exposed to the concept of
evolution over the course of the year by a teacher with
appropriate science background.
The sample consisted of 30 students combined from
two high school biology classes and one college zoology class
(see Table 1).

Table 1

Description of Subjects bv Grade and Gender

9th Grade

12th Grade

College

Males

5

5

5

Females

4

7

4

T o ta ls

9

12

9

The sample included 9 ninth grade students taking a biology I
class, 12 twelfth grade students taking a biology II class,
and 9 students randomly selected from an entry-level class
for college zoology majors.
sample were white.

All students in the high school

One female subject in the college

sample was African American.
an Advanced Placement course.

The biology II class was not
All students were studied

near the end of their course to ensure that they had the
maximum amount of content possible for that grade.

The

zoology students had just finished their lecture unit on
evolution and ecology.

Only the zoology students were paid

for their participation (see Appendix A).
The teacher of the biology classes was a national
award-winning teacher who also was extremely active in
professional organizations.

She served on the executive

board of the National Association of Biology Teachers and
was well aware of current reform efforts in biology
education.

She had helped to start a statewide biology
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teachers organization.

She was enrolled in a graduate-level

class that dealt with the "Theory of Bioeducation" at the
time of the study.

This class stressed evolution as the

unifying theme of biology.

She teaches using a phylogenetic

approach -- one based on the evolution of living things.
The high school used in the study was a private, K - 12
school in suburban Baton Rouge, Louisiana.

It was not

affiliated with a religious organization and was the oldest
independent school in Baton Rouge (founded in 1965).

The

school had a standard tuition of $2500 per year, but this was
adjusted downward to $500 for seniors with outstanding
grade point averages.

Teachers' children attended at no cost.

The student/teacher ratio in the school was low, and the
senior class contained fifteen students.
The college zoology course lecture was team taught by
three practicing biologists, and the course emphasized
evolution as a major concept.

The laboratories were taught

by teaching assistants who were zoology graduate students.

Procedures
Instrumentation
Description

of

the

subject

m a tte r.

The biological subject matter for the study was island
biogeography.

This biological topic facilitated the study of

students' evaluation of evidence for several reasons.

First,

the subject of island biogeography illustrates several
important concepts in biology containing concrete examples
of concepts important to evolutionary theory such as
migration, speciation, adaptation, and extinction.

Although

the students were able to understand the basic principles of
distribution of species on the islands, the presentation was
sufficiently novel to them to ensure that reasoning (not rote
memory) was being used by almost all students.

(One zoology

student had been taught the assumptions of the theory of
island biogeography, but had not been given evidence to
derive it.)

This addresses concerns mentioned by Lawson

(1985) regarding reasoning in familiar contexts.
Second, the variables associated with island
biogeography are relatively limited and should be
understandable to subjects within a wide age range.

The data

were presented graphically, to reduce the effects of the
extraneous variable of the varying reading levels of the
students.
Third, the evaluation of this evidence was an openended task with ambiguous data.

This provided a realistic

simulation of biological evidence that was rare in the
research literature on reasoning.
Island biogeography deals with the distribution of flora
and fauna on islands.

The islands typically studied are

oceanic islands, which are younger than the surrounding
mainland.

Often these are volcanic islands.

The Gala'pagos

Archipelago off the coast of Ecuador is the classic example.
For the purposes of this study, discussions concentrated on
animal species populating such islands because the numbers
involved would be smaller than if plants were considered.
Although the field of island biogeography is a dynamic
area of research (e.g., Mann, 1991), the main variables in
basic island biogeography theory are island size, distance
from the mainland, and time of existence.

Island

biogeography theory makes several predictions 3 [for a
technical description of the theory and additional background
information for the predictions see Krebs (1978) or Ricklefs
(1976)]:
1.

The bigger the island, the greater the number of

species will be present.

R easoning--A larger land mass is in

effect a larger target for immigration.

A larger land mass

could support greater numbers of individual organisms,
therefore, the extinction rate would be lower.

A larger land

mass would also provide more opportunities for a species to
become isolated and, thus, differentiate into more than one
species.

3

There are many compounding factors influencing these
predictions such as ocean currents and winds that reduce the
effects of distance, physical disturbance on the island,
elevation, etc.

2.

The closer the island is to the mainland, the greater

the number of species will be present.

Reasoning—Because

animals must reach the island by flying or floating, the
shorter the distance, the greater the possibility of
colonization.
3.

The older the island, the greater the number of

species will be present.

R easoning-A n older island will

have had more time for both colonization and speciation of
residents.

Effects of time are shown as extinction rates,

migration (immigration and emigration) rates, and speciation
rates.

An analogy to a rifle range might be helpful in
understanding these predictions.

The closer a target is to a

shooter, the more likely the shooter will hit it.

Likewise,

the larger a target is, the more likely the shooter will hit it.
Lastly, the longer the target has been in the range, the more
frequently it will be hit.

Biological

Data

Sets

Presented

to

Students.

The data were presented to the students in schematic
form and depicted sets of mainlands and islands.

The data

sets each consisted of three or four related frequencies (one
mainland and two or three islands).

The islands and

mainlands were labeled with numbers of species present, and
a generalized arrangement is shown in Figure 2.
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Figure 2. Generalized arrangement illustrating
representation of data.

The white area represents water and the black areas
represent land.

Each representation was a "snapshot" of data

as a scientist would see it.

There were nine different data

sets, which showed islands that varied in distance from the
mainland and in size.

The nine data sets provided variation

of the variables of size and distance and conflicting evidence
to the students.

No more than nine were given because Miller

(1956) showed that nine items is the upper limit of short
term memory capacity for processing information.

Each

representation was large enough to be recorded during the
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video taping of the interview of the student and was labeled
with a letter for later reference (see Figure 3).
To establish content validity, the representations were
shown to a panel of 3 practicing biologists to confirm they
accurately portrayed the concepts of island biogeography.

Figure 3 (follows). Data as presented to students (reduced in
size from 28 x 22 inches).
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Student

Questionnaires

for

Biological

Literacy.

All students were given a questionnaire to complete
that tried to gain insight into how much time the students
spent thinking about biology outside of a formal school
setting (see Appendixes B and C).
subjects as:

Questions dealt with such

Exposure to science-related television

programs and reading materials, activities, and family
members' involvement in science.

The questions were yes/no

or free response and were tabulated for triangulation with
"'data from the interviews.

Interviews
Taping

of

Interviews.

Video and audio cassette taping was done with
permission of the students in a quiet area provided by the
teacher.

Each student was interviewed separately, and a

tripod-mounted video camera was used to record the
interview.

The camera was placed to look over the left

shoulder of the student and was aimed at the data set and not
at the student’s face.

This allowed the filming of the

students' hands as they pointed to specific parts of the data
set while they evaluated it.

An audio cassette recorder was

placed in front of the student to facilitate a more complete
transcript and to act as a back-up to the video camera.

A

number identifying the student was placed above the data

set.

The interviewer sat beside the student on the same side

as the camera.

The students were told their faces would not

be taped and that they would remain anonymous for the study.

S tru ctu re

of

the

In te rv ie w ^ .

Students participated in an individual videotaped "think
aloud" interview (Newell and Simon, 1972) in which they
were asked to verbalize what they were thinking.

The

students were first given a test of prior knowledge to
determine whether they understood the difference between
numbers of individuals and numbers of species (see Appendix
D).

Prior knowledge is important to ascertain in general

(American Association for the Advancement of Science,
1989; Linn, 1987), but in this case, it must be done
specifically because the predictions of island biogeography
depend on making a distinction between numbers of species
and numbers of individuals.
made by younger children.

This distinction might not be
After the test was given, the

students were told why it was needed.

Students who could

not tell the difference between species and individuals would
not have been used for the study; however, this did not occur.
The illustrations used on the test of prior knowledge were
taken from an article about Darwin's Finches and their
importance to evolutionary theory (Lack, 1980).
After the prior knowledge test, the representations
were explained to the students.

A world atlas was used to

show students examples of oceanic islands and their
relationships to the mainland, and this was related to the
schematic.

Students were told these were nine different

sets of islands and mainlands.

The students were also told

that the animals that first arrived on the islands floated or
flew from the mainland.

They were also told to think of the

species in this example as birds.

This reduced the effects of

relative numbers of differing types of animals based on the
feasibility of colonization (i.e., rafting versus flight).

The

students were told that the numbers represent the number of
species of birds found on each island.
The students were asked to evaluate the data sets and
to think aloud while doing so.

The students were also asked

to point to the data set(s) they were using at any given time.
It was explained to each student that the data do not have a
"right" answer and that the research was about how they
think about data.
The data were presented all at once and always in the
same arrangement (see Figure 3).

Students were able to

continue to see all representations after they were presented
and could refer to them as they wished.

This was done to

lessen the extraneous effects of memory retention as
mentioned by Wason (1960), Crocker (1981), and Klayman and
Ha (1987) by lessening the memory demands.

It also

facilitated a record of which data the students were
currently using in their evaluation.

The students were asked to look at the numbers of
species on the islands and to try to explain why the numbers
were different on each island.

This means they were asked

to first interpret the data without any organizing hypothesis.
It was up to the students to decide that searching for
patterns was a useful strategy.

These representations were

designed to be ambiguous so the students had to explain why
they interpreted the data in a specific way.

Probing

questions were asked by the interviewer during the session
to get the students to elaborate on their thinking or to
clarify a given point.

Questions also included those

suggested by the Project 2061;

S_cience for all Americans

report (American Association for the Advancement of
Science, 1989) such as:

(a) How do you know?, (b) what is

the evidence?, and (c) what is the argument that interprets
the evidence?

The students' responses generated data for the

first three research questions, which are related to the
number and type of variables used and the application of the
theory of evolution, by allowing them to generate their own
hypotheses regarding the data.
The second task involved students being provided a part
of the theory of island biogeography (size predicts the
number of species) and told it was developed by scientists
(this is a "causal" theory following the terminology of Kuhn
et al., 1988).

Responses to this task generated data for the

first four research questions, which were related to the

number and type of variables and evaluation strategies used
by the students.

Following this task, students were asked "if

you were a scientist, what would be your next step in trying
to explain these data?"

This addressed the first three

research questions and question number five, which was
related to the next step in a scientific investigation.

Finally

each student was asked if he/she knows a theory that would
explain the data.

This addressed the research question about

evolution directly, although data regarding it also had been
gathered previously.
Following the interview using the biological data, the
data were removed, and the students were asked two followup questions.

The first asked the students what they knew

about animals on islands before the interview.

This was to

ascertain whether they had been exposed to explanations
based on the theory of island biogeography before.

Only one

student (college) indicated he had received instruction on
this topic.

The second question of the follow-up interview

dealt with evolution and creationism beliefs.

Depending on

what the students had said in the evidence interview and the
general degree of "talkativeness", this question was
structured to be as non-threatening as possible.
To correct misinformation, students were debriefed
(Borg & Gall, 1983) after the experiment.

They were told

that most scientists thought that several variables
influenced the number of species on islands.

55

Analysis

fiU».aJit.9 tiye

Analysis

Suggestions for qualitative methods regarding data
analysis given by Agar (1980), Glaser (1978), Hammersley
and Atkinson (1983), and Spector (1984) were followed.

The

video and audio tapes were transcribed verbatim as in Newell
and Simon’s (1972) protocols during analysis.

Included in

this transcription were notations to indicate which data set
was used by a student at any given time and any nonverbal
data that were important in the students’ answers (e.g., head
nodding up and down, hand movements, etc,).
Analytical comments were then made to parallel the
transcribed verbal record.

These comments categorized

variables used by the students, highlighted concepts used by
the students, interpreted trends in the evaluation of the
evidence, and gave general impressions of the session.
Following suggestions for generating grounded theory in
research, the transcripts were analyzed for recurring
patterns and themes used by the students in their evaluation
of evidence (Glaser, 1978; Glaser & Strauss, 1967; Spector
(1984).

These themes were described in order to identify

why students analyze data as they do.

The analysis was then

used to complement the quantitative findings of this and of
other studies.

As a check for credibility, one science educator not
involved in the data collection viewed all the video taped
interviews.

This person has a Master of Science degree in

biology and is currently a Ph.D. student in science education.
While viewing the video tapes, she checked the accuracy of
the transcripts, and later checked the legitimacy of the
analytical notes.

Q u a n t it a t iv e

A n a ly s is

Because the types and numbers of variables used to
evaluate the evidence involved nominal data, the data were
analyzed by first categorizing the variables used by the
students by type and then by doing frequency counts for each
student.

This was done for each phase of the interview.

The

type and number of variables used by each student was
compared as was the degree of use of the theory of evolution.
Shifts in the way in which the data were evaluated in the
second task were categorized and counted to address
research questions one, two, and four.
The number and specific parts of the data sets each
student used for their evaluation of the evidence were also
analyzed and compared to the number of variables the
students used.
To answer research question number five, suggestions
that students gave for the next step in a scientific

investigation of the system were categorized by type and
then by doing frequency counts for each group of students.
Five of the ten questions on the biological literacy
survey form (numbers 3, 4, 6, 8, and 9) could be considered to
give a measure of the amount of informal science education
the students participated in outside of the school setting.
Students were given a score of zero to five (five having the
highest amount of informal science education) depending on
the answers to these questions.

These scores were compared

to their performance on the evaluation of evidence and to
their answers on the follow-up. interview.

Combined

Methods

and

Comparison

To answer research question number six, regarding the
effects of the number of courses a student had had, the
various results from all the measures and the qualitative
differences among of the three classes were compiled to
examine differences among groups.

These differences were

characterized to describe the features that distinguished
each group.

Hypotheses were generated to attempt to

explain the differences.

RESULTS AND DISCUSSION

Variables
Biological

Used

bv Students

during the

Evaluation

Evidence

Nineteen categories of variables emerged from the data
with substantial overlap among groups (see Figures 4-6).
Interpretation of these data can be aided by looking at the
five most commonly used variables for each group.

The ninth

graders most often used the variables of size of the island,
food availability, distance from the mainland, habitat, and
climate.

Compare that to the twelfth graders who used

habitat, size of the island, distance from the mainland,
migration, and food availability as the most important
variables.

It should be noted that four out of the five are

common to both sets of high school students.

The college

students thought that size, distance, climate, migration, and
food availability were the most important.

Therefore, all

three groups had the variables of size of the island, distance
from the mainland, and food availability ranked in the top
five variables they felt explained the data.

Note that two of

these three (size of the island and distance from the
mainland) were the variables used in the predictions of
island biogeography.

Also notice that time was not one of

the most commonly used variables by any group.
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Variables
Figure 4. Variables used by Ninth Grade Students (n = 9).
(Dist. = Distance, Hab. = Habitat, Cli. = Climate /
Temperature, Mig. = Migration / Island hopping, Adp. =
Adaptation, Cop. = Competition, Hum. = Human influences, Spe.
= Speciation, Min. = Unseen mainland, Ggr. = Geography, Ext. =
Extinction, Pred. = Predation, N.SI. = Natural selection, Geo. =
Geology / Topography, Inh. = Inhabitants.)
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Variables
Figure 5. Variables used by Twelfth Grade Students (n = 12).
(Hab. = Habitat, Dist. = Distance, Mig. = Migration / Island
hopping, Cli. = Climate / Temperature, Spe. = Speciation, Ext.
« Extinction, Geo. = Geology / Topography, Hum. = Human
influences, Adp. = Adaptation, Ggr. = Geography, Pred. =
Predation, Cop. = Competition, Bsiz = Size of bird, Min. =
Unseen mainland.)

61
8

S iz e D is t. C li. M ig.F oo d Hab. E x t.P re d . Inh. C D r.A d p . C o p .H u m .S p e . G g r. G e o .B s iz .N .S I.

Variables

Figure 6. Variables used by College Students (n = 9). (Dist. =
Distance, Cli. = Climate / Temperature, Mig. = Migration /
Island hopping, Hab. = Habitat, Ext. = Extinction, Pred. =
Predation, Inh. = Inhabitants, CDr. = Continental drift, Adp. =
Adaptation, Cop. = Competition, Hum. = Human influences, Spe.
= Speciation, Ggr. = Geography, Geo. = Geology / Topography,
Bsiz = Size of bird, N.SI. = Natural selection.)

The number of variables used by each type of student is
shown in Figures 7 - 9 .
Table 2.

This information is summarized in

Number

of

Variables

Used

6 2

9th

Grade

Subject

Number

Figure 7. Number of variables used by Ninth Grade students.

Number

of

Variables

Used

63

12th

Grade

Subject

Number

Figure 8 . Number of variables used by Twelfth Grade
students.

64

College

Subject

Number

Figure 9. Number of variables used by college students.

Table 2
Numbers of Variables Used bv Each Type of Student

Number of variables used
Student Category

n

Range

Ninth Grade

9

3 -1 0

5.33

12

4 -1 2

8

9

5 -1 3

7.67

Twelfth Grade
College

Average

Note that on average, the twelfth graders used more
variables than the other groups to evaluate the data.
However, the largest gap was between the ninth graders and
the other two groups.

It should be noted that the only

variables visible in the data were those of size and of
distance.

As Friedler, Nachmias, and Linn (1990) stated,

noticing the variables involved is the first step in problem
solving, but then students must construct relationships
between their observations and other relevant knowledge.
Therefore, the other variables used by the subjects were
drawn from their prior knowledge and depend on their ability
to apply this knowledge in evaluating data.

This effect can

explain the ninth graders' lack of variables relative to the
other two groups.

Linn et al. (1983) also found that the

number of variables named by their subjects (subjects’
expected variables) increased with age in their study of 13to 17-year old subjects.
One aspect of this data that cannot be tabulated is the
degree of anthropomorphism displayed by the students during
their evaluation of evidence.

Confusion between

anthropomorphism and causation was found previously by
Friedler, Amir, and Tamir (1985), Gallant (1981), and by
Tamir (1985).

The following quotes illustrate this pattern,

and additional anthropomorphic statements will be seen in
the discussion of resolution of conflicts in the data.

The quotes presented in this study are taken from the
transcripts, and the following conventions will be used.

The

subject will be identified by their subject number preceded
by a code to identify their group membership (9 = ninth grade,
12 = twelfth grade, and C = college).

For example C#32 is

subject number 32 and is a member of the college group.

The

researcher conducting the interview is identified by my
initials (CC).
C#32:

They can't survive, so they've flown off or

they’ve died off. And so other ones know not to come
there.

Urn, it could be other animals living there that

might try to eat the birds, and the birds realize
CC: Urn hum (positive response)
C #32:

this is harmful environment for us so we don't

want to stay here.

C#27:

Well, I would ah, get some birds together and

try and ah, figure out what, why, what makes them
leave their mainland.

What, is it, you know, is it food,

is it different climate, is it other species, curiosity?
What would make them leave?

Anthropocentrism was also used to evaluate the data.

C#25:

Urn, the mainland is basically the same, because

no matter how much industry you have, you're going to

have zoos that protect the species.
wildlife refuges.

You're going to have

You're going to have lakes, ponds.

You're going to have more things, more diversification.

This particular quote by a college student shows a lack of
understanding of the viability of natural populations.

The Theory of Evolution and
Biological

Reasoning about

Content

As Dobzhansky (1966) has said,
"it is true that organismic level phenomena should
be analyzed into molecular level components; it is
equally true that the molecular components
acquire meaning when viewed as constituents of
organismic patterns and as products of the
evolutionary development of the living world" (p.
545).
Evolution is the unifying theme of biology, and recent
suggestions for high school curriculum reform (American
Association for the Advancement of Science, 1989; National
Research Council, 1990) have emphasized that it should be
taught as such.

Many workers have identified the difficulties

students have learning about evolution (e.g., Bishop and
Anderson, 1990; Clough & Wood-Robinson, 1985; Keown,

1988; Lawson & Worsnop, 1992) and students' prescientific
conceptions concerning it (e.g., Bishop and Anderson, 1990;
Brumby, 1984)
By focusing on some of the variables used by the
students, it is possible to see to what extent the students
used the theory of evolution to explain this biological
evidence.

■

Ninth Graders

El Twelfth Graders
5

College Students

Adaptation

Extinction

Speciation

Figure 10. Number of evolution-related variables used by
each type of student. Graph is standardized for differences
in sample size.

Figure 10 graphs the variables students used that were
most closely associated with evolution-adaptation,

extinction, and speciation.

It was disturbing that so few

students used even parts of a crucial biological theory that
was applicable in the situation.

Yekovich et al. (1991) found

that trained nonexpert credit adm inistrators had difficulties
in "making inferences from a set of facts, and using those
inferences to support more complex, higher-order inferences"
(p. 192).

The same phenomenon seems to occur here with the

student’s inability to apply the over-arching theory of biology
(evolution) to the data in this simulation.

Yekovich, et al.

(1991) found that the subjects of their study had the facts
accessible to them but did not see the potential relations
among them.

Without these relations, a critical inference

will go unmade.
Notice that the twelfth graders used these evolutionary
concepts in their reasoning as much as or more than the other
groups, including the college students, and that there is not
much difference between the ninth graders and the college
students.

Note the most dramatic differences are seen in the

speciation concept.

The twelfth graders use this concept

more than twice as often as the other two groups.

Speciation

is at the heart of evolutionary thought (note that the title of
Charles Darwin's [1859] most well-known work on evolution
has the words "origin of species" in it).

The application of

this concept dramatizes the twelfth graders' ability to
better use both the facts and the theory of biology.
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Much of this pattern can be explained by teacher
effects and the influence of family background (see Table 9).
It should be pointed out that the high school teacher involved
did not teach her students with this study in mind.

She was

chosen because she emphasized evolution throughout the
year, and these results attest to her effectiveness in doing
that.

These results can be compared to those of Grose and

Simpson (1982), who also found high school teacher effects
in the attitudes college students had toward evolution.
Some of the twelfth grade students not only used
evolutionary principles to explain the data but also show a
good understanding of the process.

For instance, notice that

this student understood that learning about the evolutionary
history of the island could be important in explaining the
data.
12#1:

Maybe look at kind of some kind of fossils or

something that, ah, would show some kind of
evolutionary comparisons....
CC:

Is there anything else you think you could get from

fossil

stuff?

12#1:

Ah, yeah you could see how long how long, it's

been or how old, how long they've been on the island,
how new they are.

Urn, see what things have been there

that are extinct now.

Because or are no longer there

because of maybe different reasons you could figure
out.

The following quotes are examples of twelfth grader
students who understood that speciation (and adaptation
during it) could affect the numbers of species on the islands.
12#9:

It could happen, like, that the water could have

dried up or something in the middle of the island or
something, and they had to come up with more species.
CC: OK
12#9:

12#12:

More species develop as ways to survive.

'Cause urn, it just, you grow up best if

you're to grow up on the island, and then they
came back to the mainland.

I think they'd look

totally different because of the weather they'd
have to put up with on the island.
CC: Right.
12#12:

'Cause weather around an island is much

more different than in the mainland.... So they'd
look different.

They'd probably be a little, you

know, tougher -- not as soft, ah, ah.

Well

features would probably be different.

Even some ninth graders showed a good grasp of natural
selection.
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9#17:

in other words the ones who survive by being

able to dig for the berries or something or have long
beaks to get the berries
CC:

Um hum (positive response).

9#17:

would survive longer, and their offspring would

get up and get that trait.
CC:

Right

9 #17:

It passed down until there were more of

those

But the ones that have the longer beak survive

and pass on their genes.

R easons
t h e ir

w hv

s tu d e n ts

do

not

use

e v o lu tio n

in

r e a s o n in g .
To discuss reasons why students may have failed to use

time in an evolutionary sense as a variable in evaluating this
evidence, it will be useful to return to the concept of
ultimate and proximate causation in biology.

Confusion

regarding thinking about these two different types of
causation is a factor in the variables used and the
interpretations made of this evidence (Cummins & Remsen, in
press).

The following quotes illustrate typical examples of

students confusing ultimate and proximate causation.
9#21:

(pause) Learn how they adapt to stuff like heat

CC: Learn how they?
9#21:
CC: Oh

adapt to the heat

9#21:

and the coolness.

CC: So you'd
9#21:

And how their body changes when it gets colder.

CC: That's neat.

You’d be doing physiology then.

That'd

be the big word for that.
9#21:

How they learn how to go to different places

when they migrate
CC: Good
9 # 2 1 : to the same place.
CC: Good.
9#21:

If they migrate.... And why they go to that place.

Would it be the food or
CC: Good
9#21:

the climate?

9#22:

Well anyway, survival of the fittest probably

took place in birds, you know, in the smaller islands
because the mass, well the amount of land left around
was not enough to fill all birds into the same island.

So

they all have to migrate to a different place.

The Committee on High-School Biology Education of the
National Research Council (National Research Council, 1990)
states that "evolution must be taught as a natural process, as
a process that is as fundamental and important in the living
world as any basic concept of physics one can name" (p. 23).

Many students in this study definitely do not have that
orientation, even when they are asked to think about "biology
s tu ff."
The follow-up interviews revealed another reason
students do not use evolution in their reasoning.

It seems

that personal, usually religious, beliefs are interfering with
the learning and understanding of evolution.

This certainly is

not a new problem.
Lawson and Worsnop (1992) found that the strength of
religious commitment was negatively correlated with preinstructional belief in evolution and with a change in belief
toward evolution following instruction in high school
stu de n ts. Grose and Simpson (1982) stated they felt that
religion in and of itself did not relate to the attitudes
toward evolution found in the college students they studied.
However, they felt the teachings of religion and faith in it
fosters an attitude that makes it harder for students to
accept evolution.

They also speculated, and I agree, that the

discussion of evolution within a religious context may leave
a greater impression on a student than when the topic is
discussed in a science class.

Actually the time spent against

evolution in a religious context could far outweigh the time
spent for evolution in school, depending on the community
and religious organization.
In this study, 44.4 % of the ninth graders, 25 % of the
twelfth graders, and 11.1 % of the college students had not

made up their minds about accepting the concept of evolution
instead of a literal interpretation of the Bible.

Note that the

figures decrease with the age and biological coursework
background of the students.

Also note that while a greater

percentage of college students accepted evolution, a lesser
percentage used the theory in the evaluation of the biological
data than did the twelfth graders (see Figure 10). These
results can be compared to the work of Grose and Simpson
(1982) who also surveyed introductory college biology
students.

They found that 22 % of their sample was neutral

or doubtful toward evolution.
The following

quotes

illustrate difficulties these

students have resolving the conflict between evolution and a
literal interpretation

12#2:

of the

Bible.

I don’t know. Some of it I just don't want to

question because I just, you know, that’s what I believe.

12#7:

I really haven't sorted it out yet.

I mean I was

raised to think, you know, we're, you know, Catholic,
and I was raised to think, you know, Adam and Eve and
all that kind of stuff.

But then when we started

discusing about the apes and that kind of stuff, then
more questions came into my mind and, you know, I
just, you know.

I guess I really don't know.

A portion of these students dealt with this conflict by
devaluing classroom knowledge.

This is seen in the results

that 22.2 % of the ninth graders, 8.3 % of the twelfth graders,
and zero percent of the college students who acknowledge the
conflict, but see evolution simply as a concept they must
learn for class.
9#19:

Well, Um, I usually have strong beliefs in the

creationism and everything, but I really don't know
what to think about this evolution thing.
just don't know what to think about it

You know, I
But I just have

to, like, accept it because I have to learn it, and I have
to know that.

C#27:

So I really don't know what to think.

As far as I'm concerned, my belief in it.

Um,

I've thought about it, but I've never really made a
decision.

You know, it's never been relevant

CC: Sure.
C#27:

to, you know, what I am doing.

9#20:

Um, (pause) I don't really think about that a lot.

CC: OK
9#20:
CC:
9#20:

but just when we were studying evolution.
Um hum (positive response)
We just learned how it happened and stuff.

just really don't think a whole lot about it.

I

The follow-up interviews also found that 44.4 % of the
ninth graders, 66.6 % of the twelfth graders, and 66.6 % of
the college students students have already resolved this
conflict by no longer holding a literal interpretation of the
Bible while retaining a belief in a god.

This is the most

common solution to the conflict found in this study. (Only
one student described himself as an atheist.) The following
quotes illustrate how the students explained this
understanding.
12#8:

You know, as far as I'm concerned,

off evolutionism and

12#4:

Godsparked

let it go from there.

I think Darwin made a lot of contributions, and I

believe in the theory of evolution.
creationism word for word.

I don’t

take

I don’t believe that that's

how we were created.
CC:

Let me give you, I guess what I'm trying to get at.

Some people seem to think that, some creationists
seem to think that
12#4:
CC:
12#4:
CC:

Um hum (positive response)
if you're not a creationist, you're not
Um hum (positive response)
Other people think that you can be religious and not

be creationist.
12#4:

religious.

Um hum (positive response)

CC:

Where do you, where do you think you fit in on all

that? Do you see that you can be both, or do you have to
be one or the other?
12#4:

No, I think you can be religious and not believe

in creationism.
CC: And still, still have a handle on evolution?
12#4:

Um hum (positive response)

CC: OK.

So you, you don't see them as conflicting?

12#4:

No.

12#9:

Well, I am Christian, but I do believe in

evolution totally.

I believe fully in evolution and um, I

think that it's possible that the Bible might stand
symbolically for something.

I mean, I don't believe in it

lite ra lly .

12#10:

Well I think that creationism, it’s not like, I

think of it that as that they explain it.

That's how their

simple way of explaining what happened since they
could not, they did not, understand how things came to
be,
CC: Right
12#10:

and so, therefore, they had to make up Adam

and Eve and the whole garden bit.
’em.

Just to explain it to

Kind of like how the Greeks have the, have their,

um,
CC: Sure
12#10:

12# 11:

mythology

Like ah, God is all (pause) I mean everybody

believes in God.
absolute ruler.
evolution.

And, you know, he’s like, you know, the
But then again, if you think about

Evolution really interests me.

evolution is really awesome.
interesting.

I think

And, you know, it's, it's

You get, you can get into it, you know.

And

I don't know I think I like, I really like evolution a lot.
like reading about it and stuff like that.

I

About

Darwin's theory.

C#28:

It goes into a lot of theology and stuff -- what

you actually believe in.

You have to believe that the

evidence outweighs what you’re taught of something.
CC: Um hum (positive response).

Did you have to go

through that kind of thing?
C#28:

Yes.... You can’t have two different lives is what

I've learned.

You can’t think of evolution in the

classroom and write tests about it and take tests on it
and then go home and be a Christian and think that God
created Adam and Eve and all the animals at one time.

CC:

Right

C#28:

You’d go crazy

CC: Yeah
C#28:

if you did that.

You have to have a balance

where you believe that God created the organisms that
caused evolution.

9#22:

Evolution is pretty interesting.

I mean, you

know, considering it kind of, it kind of leads to where
were, where are we from?
CC: Yeah
9#22:

It leads to where did all of everything God

created come from?
CC:

Um hum (positive response).

9#22:
CC:
9#22:

You know, where did evolu-, you know, evolution
Um hum (positive response).
and all that stuff.

I think ah, evolution is

pretty important, you know,
CC:
9#22:

Um hum (positive response).
’cause, you know, basic finding out.

'Cause

questions are asked daily and daily.
CC: Sure
9#22: Where, where do we come from, you know?
CC: Sure
9#22: You know, everybody knows we come from God.
But what basic structure or its homologous, you know,

if we don't know what kind of structure we have.

We,

we, people believe we came from monkeys, and we may
have.

Ah, but science tells us, tells us that.

And I

believe evolution
CC: OK
9#22:

is a good thing

Lawson and Worsnop (1992) found similar conceptions in
their study of high school students.
Some students resolved the conflict between religion
and evolution by believing that some animals ("lower"
animals) evolved while retaining the belief in special
creation of humans.

This response was seen in 11.1 % of the

ninth graders, 16.6 % of the twelfth graders, and zero percent
of the college students

This pattern can be seen in the

following quotes.
12#6:

I can see correlations in things that people

make as far as evolution.

I believe in creationism

though.
CC: OK
12#6:

And I don't --

to a certain degree.

But I do believe in evolution also
I mean, I believe that , ah, humans

were created, but I believe that it's possible that a lot
of our plankton and smaller animals were evolved, but....
I think that God created everything....
12#6:

I think he created some things to evolve.

CC: So the ways he created them may differ?
12#6:

Yeah....l mean, just that I believe in creationism

but also evolution.

Just, I don't believe that the whole

earth evolved from an atom or anything like that.
That’s it.

12#11:

I think evolution has a big.

Evolution

doesn't happen generally with, ah, with humans
and stuff like that.
with

turtles,

CC:

Right

12#11:
CC:

birds,

and everything, you know.

Everything

12#11:

9#16:

and horses, and with

Right

12#11:
CC:

You know, how it has to do

So I think evolution has a big part in it.

Well, I think it maybe happened, like, to a

certain extent.

But I really don't think that we came

from monkeys and all that kind of stuff.

That just is

beyond me.

A striking result was seen when 11.1 % of the ninth
graders, 25 % of the twelfth graders, and 44.4 % of the
college students cited learning about the evidence supporting

evolution as a turning point in their acceptance.

Notice how

the occurrence of this event increases with age.

12#1:

Well I'm a strong believer in evolution.

Ah, I

believe that we probably did descend from apes.
believe all that.

I

I don't believe that Adam and Eve

stuff..I mean that, I mean I believe in the Bible
somewhat, some things about it, but I believe in
evolution because there's so much scientific evidence.
But there are, there are missing links and things, but I
believe that one day they will be found but,

(doesn't

finish sentence)

12#12:

Evolution there seems to me more, um, they

have more on evolution than they do have on
creationism.

They have um,

CC: More?
12#12:

They have sites.

CC: When you say more, you mean more evidence? More
12#12:
CC:

Yeah more evidence

More stuff like that?

12#12:

Yeah more evidence, you know, and they have

sites where they have seen, you know, where they um,
you know, where we transpired from monkeys or
whatever.
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C #25:

Um, it's kind of hard not to believe evolution

after taking anthropology because you see Lucy, and you
see all the Austropithicines,
CC: Um hum (positive response)
C #25:

and all the, you know, the teeth and how they

biped and quadruped and, you know, how they evolved
their tail.
CC:

They lost this

Um hum (positive response)

C#25:
CC:

and they gained this when this dried up.
Right

C#25:
jawless.
lungs.

The fish, you know, had jaws.

Then they were

And you know, they had gills and they got
And the reptiles, you know so

CC: Right.
C#25:

everything follows that way.

I mean, it kind of

puts the religion on the back burner when you see all
this

scientific

stuff.

CC: Well, do you, do you see them as being, ah,
mutually exclusive of one another, or do you, do you
think that you can still have religion and

evolution, but

maybe
C #25:

You can have religion and evolution but, I think

as we're getting smarter and we're learning more, I
think more and more people are losing touch with
religion because it's.

They're finding actual real

answers -- not a bunch of stories and legends.... When

they have evidence from, you know, phytogeny trees, and
you can say, OK now, this evolved from this.... I mean,
when you see things like that you, you know, you kind of
CC: Right
C#25:

kind of goes out the back door.

C#31:

I'm not getting any answers

CC:

Right

C #31: from the God.
CC: Right
C#31:

I'm getting at least some answers from the

evolution
CC: Um hum (positive response)
C #31:

so the evolution it just makes a lot more sense

than saying some great being came down and he did all
th is.
CC:
C#31:

Um hum (positive response)
and the Bible just kind of loses me (laugh).

The importance of providing students with the evidence for
evolution cannot be minimized (Keown, 1988).

The high

school teacher in this study dealt with evolution repeatedly
and gave evidence for it in a variety of contexts.

The effects

of a high school teacher were also seen by Grose and Simpson
(1982) although the type of teaching done was not described.
Without encountering such evidence, it is very likely these

students will not give up their creationist beliefs for a
scientific explanation (Bishop & Anderson, 1990).

As Lawson

and Worsnop (1992) suggested, providing students with this
evidence and the procedures from which it was derived may
be the best use of instructional time instead of attacking the
religious belief directly.

Students'

prescientific

conceptions

about

e v o lu tio n .
Many of the students who did use the theory of
evolution in their reasoning had prescientific conceptions
regarding the mechanisms related to the process.

In addition

to the confusing of ultimate and proximate causes discussed
previously, the following quotes illustrate prescientific
conceptions about evolution-related topics.

One common

source of prescientific conceptions relates to the concept of
teleology.

This can include the notion of evolution

proceeding according to a predetermined goal or design.
12#9:

I mean, the conditions are just fine, so the

populations might have been great so all the birds
multiplied and were great.

But see then that way,

there'd be no, no big need for them to change into, you
know, different species.

C#31:

You've evolved to what you're going to be suited

for best....

It's kind of a. I kind of have a mixed kind of a

view, both ways.

I don't see how everything was

completely (pause).

What’s that theory?

i forget what

it’s called, but whenever everything is completely
wrong and everything just straightens out and goes one
way.
CC:

To the right way.
Oh yeah that's entropy?

C#31:
CC:

Entropy

Right

C #31:

I don't see how that, how it can go completely

against that theory,or how that theory can actually be
the law of entropy, or whatever it is. I don't see how
that can work if everything was bad, it should get
worse instead of getting to this perfect state at one
point.

12#11:

And this one probably hasn’t totally, totally,

you know, produced yet,

and hasn't made all its’ full

species.

These quotes show a belief that there is some predetermined
final state that the system is moving toward.

Similar

results were found by Clough and Wood-Robinson (1985) and
by Lucas (1971) in their studies of high school students’
conceptions of adaptation and by Demastes, Good, Sundberg
and Dini (1992) in a study of university students'
understanding of evolution.

Adaptation was another fertile ground for evolutionary
prescientific conceptions.

For instance, in the following

quote, notice that the student feels that adaptations allow an
organism to be flexible, not to develop features to allow it to
specialize or adapt to specific environmental conditions.
12#8:

That the species just, it isn't advanced

enough I guess.

And evolution-wise it just hasn't

advanced itself enough, enough to strongly be able
to suit itself to any environment.
CC:

Um hum (positive response)

12#8:

It's only suited for one, and it's not quite

advanced enough to yet, ah adapt. You know, it's
not very adaptable -- very flexible.
CC:

So you're saying that, that ah, that in, in

time, that that would happen?
12#8:

In time eventually it would become more

flexible, but I'd say right now, no it's not.

The following quote illustrates what one student thought
influenced the "ease" of adaptation.
9#16:

And this has a lot 'cause maybe it's warmer or

something, and it's easier to adapt or something.

Statements about adaptations can also be seen in the
discussion of teleology and natural selection prescientific
conceptions.

These types of prescientific conceptions of the

concept of adaptation were also found by Clough and WoodRobinson (1985) and by Lucas (1971)..
One of the most important evolutionary concepts for
this study's simulation was speciation.

Some students

revealed prescientific conceptions about this concept as
well.

Often these centered around breeding within or among

species.

Speciation was sometimes seen as occurring by two

species coming together, breeding, and forming a new species
instead of the more typical pattern of a species splitting and
the inability of interbreeding producing a new species
(biological species concept).
12#11:

Probably it would be, it's in fluctuation.

Fluctuation where different species types have, ah,
come together, reproduced, and they produced an
abnormal species,
CC:

Urn hum (positive response)

12#11:

9#22:

which could not survive, you know.

Number B.

Ah, there was probably more

breeding being done on the higher amount of birds on
each island, you know, like the 50.

9#24:

Well, I think it’s kind of something important.

’Cause things change over time.
CC:
9#24:

Right, right
Maybe new species might pop up some how.

Prescientific conceptions regarding natural selection
were also seen and were similar to those described by Bishop
and Anderson (1990), Brumby (1984), Demastes et al. (1992),
and by Lucas (1971). These included Lamarckian
prescientific conceptions such as
9#18:

You know, we learned about stuff like,

evolution like, animals grow, like growing parts they
needed.

and anthropomorphic descriptions that confused proximate
and ultimate causation related to natural selection.

The

confusion of causation usually manifested itself as lack of
understanding of differential reproduction of some
populations over time as also seen by Bishop and Anderson
(1990).
12#8:

Well, like, eventually the birds that would

more apt to, to survive here would eventually
learn to be, you know, learn to survive here,
stronger and eventually you'll see their numbers
probably here.
CC: OK
12#8:

If it’s, you know, they’re more apt to be

able to suit life here, then they'll have a larger
area which they can eat. Where these will run out
of foodage (laugh)

As Bishop and Anderson (1990) have said, the concepts
related to the learning of natural selection are more difficult
to grasp than most biologists realize.

True understanding

requires

reproduction,

fam iliarity with

differential

individual variation, the role of chance, appreciation for huge
time spans, and adaptation in the evolutionary sense of the
word, among other concepts.

The prescientific conceptions

students have about these concepts will have to be addressed
directly as suggested by Bishop and Anderson (1990).

Amount of Data Used bv Students to Draw Their
C o nclu sio n s
There was a wide range in the amount of data students
used in reaching their conclusions.

Some students barely

looked at the data while others literally looked at almost
every data point.
two ways.

How students used the data was analyzed in

First in Table 3, the number of data sets used is

shown.

Table 3
Number of Data Sets Used bv Each Type of Student

Student

Category________ n________ Range______ Average

Ninth Grade
Twelfth
College

Grade

9

1 -9

6.00

12

2 - 9

7.17

9

4 - 9

6.33

92

The number of data sets used does not differ significantly
between any pair of student type combinations (MannWhitney U-tests, U = 39-44, p = 0.33 - 0.89), and a KruskalW allis nonparametric analysis of variance indicates that
there is little heterogeneity among the three samples
considered together (p = 0.60).

This gives some indication of

the amount of data the students used, but a more detailed
view can be seen by analyzing how many individual islands
the students used (see Table 4).

Table 4
Number of Islands Within the Data Sets Used by Each Type of
S tud en t

Student Category_________ n________ Range_______ Average
Ninth Grade
Twelfth Grade
College

9

0-

23

8.56

12

3-

25

14.09

9

6-

20

12.67

This gives a measure of the depth to which the students used
the data given them.

Notice that the twelfth graders have the

highest average number of data points used by either
measure.

Both the twelfth graders and college students used

a higher average number of islands than did the ninth graders,

but the differences between them do not quite meet
conventional levels of statistical significance (Mann-Whitney
U-tests: 9th vs. 12th, U= 30, p. = 0.09; 9th vs. College, U = 23,
p = 0.12; Median Test: 9th vs. 12th, Chi Square = 3.57, 0.05 < p
< 0.10; 9th vs. College, Chi Square = 2.0, 0.10 < p < 0.20).
Although twelfth graders used a higher average number of
islands than did College students, the differences were not
statistically different (Mann-Whitney U-test, Median Test).
Again, the teacher effects can be seen here because the high
school teacher allows her students to collect and analyze
data during the laboratory portion of her classes.

This

includes sampling during field work, which is not done in this
level of college zoology class.

The

Extent to Which

Students Tried

to

Control

V a ria b le s
Controlling variables in this task would involve
examining the data to look for the effects of one variable
separately from others (bracketing).
cognitive strategy in problem solving.

This is a powerful
Friedler et al. (1990)

found that the ability to control variables varied depending
on the familiarity of the variables and their relationships.
Only four students used the "bracketing" technique to
analyze the effect of several variables by looking at the data
using one variable at a time.

All of these students were in

the twelfth grade and made up 33.3 % of that sample (Student
numbers 6, 7, 9, 12).

The remaining 26 students switched

from one variable to another during the interview without
systematically evaluating only one to establish by
comparison which variable had the most effect on the data,
and/or they confounded the evaluation of the evidence by
using more than one variable at a time.

The striking fact that

all these students were in the twelfth grade should be
viewed in the light of current research into students' view of
science.

Schauble et al. (1991) stated that

"Unless they receive practice and support in developing
appropriate models of scientific inquiry, children's
experimentation is characterized by narrow search,
overemphasis on variables presumed causal, and
difficulties in interpreting simple patterns of data
showing covariation or lack of covariation between
candidate causes and events." (p. 879)

The type of controlling variables strategy described
here may be more realistic than the traditional Piagetian
designs.

Those designs examined this strategy by assuming

the subject would actually set up an experiment (Kuhn &
Brannock (1977).

Linn et al. (1983) stated that students

often considered the content involved rather than employing
the controlling variables strategy when the outcome of an

experiment was known. Linn et al. (1983) called the type of
performance seen in this study "analyzing" and said it might
more closely resemble naturally occurring problem solving
than performance on traditional controlling variables
stra te g ie s .

How

Students

Dealt

with

Conflicting

Evidence

Students used several strategies to "explain away"
evidence that conflicted with their hypotheses generated in
the first task of the interview.

This can be compared to

Friedler et al. (1990) who found that 30 % of one of their
treatment groups supported their hypotheses with faulty
justifications, which could be based on nonrelevent or
erroneous information.

This effect was also seen by Kuhn

and Brannock (1977) and by Kuhn et al. (1988). They found
that students do not assume that lack of covariation means
lack of causality. The following quotes illustrate
rationalizations used by the student when the evidence did
not fit their hypotheses.

First, 22.2 % of the ninth graders,

8.3 % of the twelfth graders, and 11.1 % of the college
students minimized the differences within the data when
they varied from their expectations.

In effect they are

adjusting the evidence to fit their "theory" as described by
Kuhn et al.

(1988).

9#22:

...they went to both the large because they both

had semi-large mass,

12#6:

(islands were of differing size)

Well I mean, it's not, it's not any really

difference than this one.

I mean except that there's

eight more survived here than over here.

Second, 22.2 % of the ninth graders, 8.3 % of the
twelfth graders, and 11.1 % of the college students
hypothesized that one island somehow, vaguely, better suited
the needs of the birds when the data did not conform to their
hypotheses.
9#23:

This one is smaller, but there is more of what

they needed.

9#17:

Yeah. Yeah, and, urn, these might have low

because most of them live over here, and they may not
have good living conditions, or they might have too
much competition for food.
big mainland.

Where over here there's a

And these two might have the same

because this could be, ah, could be, like, not good living
conditions as this, and this

probably has variation of

living conditions and not good living conditions.
CC:
9#17:

So

Urn hum (positive response)
it could be good and bad, and that’s why there's

not 50....

And over here is probably close to the

mainland, but it’s ah, it's ah, just not worth going to or
something because it's.

Well, I mean, they get to there

and then go to this island, which has probably got
better living conditions, which has better living
conditions than over here.
land or something.

This is probably like a waste

And then they get over here.

There

might be a mainland over, over here (Points to space on
poster board between sets H and I and invents a
mainland)

12#9:

And a possible reason this — the large one

having ten and the small one having thirty is because,
maybe it's got exceptional conditions.

C#27:

It might be the same, but it is possible that

this one is the better because it's the smallest and still
has the same number as this one.

Third, 11.1 % of the ninth graders, 16.7 % of the twelfth
graders, and 11.1 % of the college students gave
anthropomorphic reasons to resolve a conflict.

Most

instances of anthropomorphism involved attributing human
emotions and/or analytical thought to the birds.
9#22:

And it may be larger, but the middle island I

guess must have had something that birds were looking
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for....

Some choose to maybe in their, whatever you

want to say their brain or mind, they choose to go to
the smaller island and the medium size and the big
island.

So, ah, habitat must be there....It just grew to

be populated and maybe some of the birds had to choose
another place to go.

12#11:

We might have different, urn, different big old

islands traveling for a little islands and stuff like that
if they get tired of that.

12#6:

...if they flew back and somehow persuaded

other birds to come with them to this other island.

C#30:

Why they would go, why they would leave unless

it wasn't good for them?

Gallant (1981) termed this tendency "personification" and
found sim ilar prescientific conceptions in elementary
students.
One student specifically knew she ought not be
anthropomorphic and corrected herself.
12#6:

... They just, ah, migrated to smaller islands or

to, not necessarily to smaller islands, but different
places.... As far as they're concerned.

I mean, I can tell

that they're smaller places, but I'm sure they couldn’t.
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One excellent way to explain differences in species
number would be to differentiate between the number of
species and number of individuals by assuming the number of
individuals in each species was not constant.

One ninth

grader, two twelfth graders, and one of the college stu de n ts
did this.

9#24:

It might not work all of the time ' cause there

might be a lot of one species and a certain amount of
another.
CC:
9#24:

Right
And the same species might reproduce a lot

CC: Urn hum (positive response)
9#24:

and the others might not reproduce a lot.

12#9:

'Cause, just 'cause you have, like, ten different

species doesn't mean you have a higher population here
than you do here.

A similar strategy would be to assume that although the
numbers occur within the same data set, the species
composition on each island may be partially or totally
mutually exclusive.

One twelfth grader and one college

student used this strategy.

C#36:
species.

Yeah the distances are different, and the
'Course they, they may not be the same

species....But I realize that again, they may be a lot of
the same species on each island.

In addition to the general strategies already described,
the students also used specific variables to resolve the
differences between their expectations and the actual trends
in the data.

These included the variables of climate, habitat,

presence or absence of interbreeding, migration, geography,
human

influences, predation, extinction, food availability,

distance, physiology, and predation (see Table 5).

Parallel

effects were seen by Schauble et al. (1991) when they found
that children manipulated variables in experiments to
produce desired outcomes rather than identifying causes and
e ffe c ts .

Table 5
Types of Variables Suggested bv Students to Resolve Conflict
Between Their Own Hypotheses and the Data

Number

of

students

sug g estin g
V a ria b le

Grade 9

Grade 12

College

(n = 9)

(n = 12)

(n = 9)

C lim ate

1

2

1

H a b ita t

3

5

1

Geography

1

2

2

M igration

1

Human influences

3

Presence or absence of

2

interbreeding
Predation

1

E xtin ctio n

1

Food

3

D istance

1

Physiology
Total
of

1

number

of

types

5

9

re so lu tio n s

Notice the twelfth graders used the largest number of
variables to resolve conflict between their hypotheses and
the data.

This should be evaluated in the context of this
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study that also found the twelfth graders used more
variables on average than did the other two groups (see Table
2).

This may also be a side effect of using the largest

number of islands in their evaluation of data (see Table 4).
Using more of the data would require more rationalizations.
As with Schauble et al. (1991), Kuhn et al. (1988) found that
their subjects had lax criteria for inferring causality.

The

rationalizations used by all of the students in the Kuhn et al.
(1988) study agree with my findings and as well as with
their finding that identical evidence will be interpreted
differently depending upon subjects' prior "theories."

The

subjects' interaction with the evidence during the
rationalizations of these conflicts could often be described
as confirmation bias.

This will be discussed in more detail

in the context of the effect of the researcher-introduced
th eo ry.

The

Effect

of

a

Researcher-introduced

g.ULStents:__In terpretation

of

Theory

on

the

Data

The fourth research question dealt with the effect of a
researcher-introduced theory on the students' interpretation
of data.

The theory given was that scientists thought that

the size of the island was what explained such patterns.
other words, that the size of an island could be used to

In

predict the number of species.

Using the terminology of Kuhn

et al. (1988), this was a causal theory.
Size could be said to explain the pattern of data sets A
and B unambiguously. Data sets C, D, F, and G have two of
their three islands agreeing with that pattern, and the third
is ambiguous.

Data set E has one island that violates the size

prediction pattern, data set H has two, and data set I has all
three islands violating it (see Figure 3).

The effect of

distance combined with size would allow the size theory to
still work in data sets G and H.
When students were presented with this theory, 77.8 %
of the ninth graders agreed with the size theory, 11.1 % of
the ninth graders were ambivalent, and another 11.1 %
disagreed (see Figure 11).
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Figure 11. Percentage of each type of student having various
opinions about the researcher introduced theory of size.
(Percentages for each group sum to 100 -- not for each
opinion.)

Some students did not feel they needed to refer to the data to
evaluate the theory before they disagreed with it (see Table
6 ).

CC:
9#18:

Is that a good theory?
No, not really.

CC: You don't think so?
9#18:

See, you've got to think about the weather and

the land.
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Of those ninth grade students agreeing with the theory, only
one looked at the data when discussing the validity of the
theory.

That one student did not look at the size variable

when returning to the data.
9#23:

Well maybe sometimes the size doesn't matter,

it's just which ever.

This island is closer (Set G - 30

- M edium ), so they may find this one first.
CC: Ah so it may not be just size, but distance from
the mainland?
9#23:

Um hum (positive response)

CC: OK, um. Do you, do you have a preference as to
which one you think is more important — size or
d ista n ce ?
9#23:

Um, I guess the size.

(Even when this student was directly asked about the effects
of one specific variable, the student

did not use the

bracketing technique to evaluate the data.)

Of those ninth

graders agreeing with the size theory, 42.9 % felt that size
alone could explain the data.

Table 6

Percent of Students Agreeing or Disagreeing with
Researcher-Introduced Theory and Amount to Which They
Reevaluate Evidence

S t u d e n ts

Per c e n t

Pe r c e n t

P er c e n t

Ag re e

D is a g re e

Ambi v a le n

use

do not

use

do not

use

do not

data

use

data

use

data

use

data

data

data

11.1

66.6

11.1

0.0

11.1

0.0

12th Grade

8.3

25.0

33.3

16.7

8.3

8.3

College

0.0

44.4

33.3

22.2

0.0

0.0

9th Grade

Note.

Ninth Grade n = 9, twelfth grade n = 12, college n = 9.

Percents sum to 100 within the grade level, not by the
opinion.

In the case of the twelfth graders, 33.3 % agreed with
the size theory, 16.7% were ambivalent, and 50 % disagreed
(see Figure 11). Many of these students disagreed because
they felt that size alone was not a sufficient theory.
12#9:

You could.

the factors.

It's, it could enter in into some of

It, I mean, it could be a possibility, but it

wouldn't be the reason.

- " X
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CC: OK.
12#9:

12#14:

Few things are so explained with one thing.

I think that's kinda vague and broad. I don't

think that's a narrow theory. I think um, I would say
that would be one of the reasons, but I don't think that
would be the main reason

Of those twelfth grade students agreeing with the theory,
only one looked at the data when discussing the validity of
the theory (see Table 6).

It was more typical for a student to

discuss the theory without referring to the data.

12#11:

Yeah, I don't, ah, I would pretty much agree

with that. I think that more, the bigger the island, the
more the production of the species.
better the atmosphere and better the.

The greater, the
There's more

space for them to reproduce and stuff like that.

Of those agreeing with the size theory, 50 % felt that size
alone could explain the data.

Another 50 % said that size was

only one factor that explained the data.
For the college student sample, 44.4 % agreed with the
size theory.

None of the college students were ambivalent,

and 55.5 % disagreed (see Figure 11). Of those college
students agreeing with the theory, none looked at the data

when discussing the validity of the theory (see Table 6).

Of

those agreeing with the size theory, 25 % felt that size alone
could explain the data.

The other 75 % felt that size was

only one factor.

C#31:

It could hold up if the islands have the same

type of environment as the mainland.

If it's just as

diverse as the mainland, you would expect the bigger
islands to have a larger diversity of
CC:

Right

C #31:

plant life and the lower animals to eat for

feeding and stuff like that.

But that's not always true.

One of them could be a volcanic island or something,
and there’s just volcanic rock.

And there’s not going to

be too many species that are going to be able to survive
just on that.

The overall trends in these results should be discussed
(see Figure 11).

The ninth graders were most likely to agree

with the researcher-introduced theory.

They were followed

by the college students and then the twelfth graders.

The

college students were most likely to disagree, with the
twelfth graders very closely behind them and the ninth
graders a distant third.

Therefore, for this task, the degree

to which the students accepted the researcher-introduced
theory generally decreased with age.
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Also note that (see Table 6) 66.6.% of the ninth graders,
50 % of the twelfth graders, and 66.6 % of the college
students did not reexamine the data when responding to the
researcher-introduced theory.

Therefore, the majority of the

students did not feel they needed to look at the data to
respond to a theory that was being described as
authoritative.

Even more striking was the consistent result

that students who agreed with the researcher-introduced
theory were more likely not to look at the data while
students who disagreed were more likely to look at the data.
This is directly opposite the findings of Kuhn et al. (1988),
who found that their subjects were more likely "to make
evidence-based responses, if the evidence is consistent with
the subject’s prior theory and less likely to do so if the
evidence is inconsistent with the theory." (p. 71)

This may

be explained by the fact that the Kuhn et al. experiment in
this case only had four variables and had subjects that were
both younger and older than those in this study.

The results

of this part of the study do agree with the more general
conclusion of Kuhn et al. (1988) that subjects more readily
believe disconfirming evidence of a theory they do not hold
than they believe disconfirming evidence of a theory they do
hold.

C o n fir m a tio n

b ia s .

The great majority of students that did reexamine the
data after given the size theory looked only for data they
could use as evidence to confirm their opinion.

This is the

phenomenon of confirmation bias (e.g., Greenwald et al.,
1986; Klayman & Ha, 1987).

Only one student in the ninth

grade looked for disconfirming evidence.

Two twelfth grade

students looked for disconfirming evidence, but they also
looked for confirming evidence as well.

All college students

that looked again at the data displayed confirmation bias.
The following quotes illustrate the confirmation bias
displayed by the students.

Note that they may seem to

disconfirm the size theory, but they are actually confirming
their opinion.

Italicized parenthetical notes have been added

to describe the reality of the data.

12#1:

Yes 'cause most of the larger circles have the

most different species on them.

I definitely think that

probably has something to do with it, especially
because if the smaller ones (Sets G - 1 0 , H - 1 0 sm all) , all of the smaller ones have a lower number.
(All of the smaller ones do not have a lower number).

12#7:

Because there’s no way they can, I mean, the

stuff that I'm saying right here does not prove that,
necessarily.

I can look at most of these and say that
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size does not make a difference because here it doesn't
(Set I - 10).

It doesn’t here (Set H).

doesn't here (Set E).

It doesn't, it

This is about the only one (S e t

B) that, you know.
(This is not the only one, in fact the interaction of size
and distance does not allow for H to be used against
size either.)

C#25:
CC:

The numbers
... if I told you.

C #25:

kind of tell you that.

If you have a ten here

(Set 1 - 1 0 ) and you have a fifty here (Set B - 50).
CC: Right, so.
C#25:

Same things with the small ones (Set H - 10

- sm a ll).

All of them have ten.

(There are examples where size does work as well.
Also all o f the small ones do not have ten.)

C#28:

No because in H (Set H) there is the same

number of species on the smaller island (Set H - 10 s m a ll) as there is one that's at least seven times
larger (Set H - 10 - large).
CC: Yeah, yeah
C#28:

So really there's, the size doesn't matter, it's

the, what they prey upon
CC: OK
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C#28:

and what they eat that matters.

(Ignored distance effect, only chose one to prove point,
and suggested variables not visible in data)

Kuhn et al. (1988) also found confirmation bias in their
studies of the relationship of theory to evidence.

They also

found confirmation bias across all their subject ages from
the fifth grade to adults..

What Students Saw as the

Next Step

Students were asked what they would do next to study
the situation in order to try to understand what kinds of
things they felt were needed to help them better evaluate
this evidence.

Research asking such questions was suggested

by Reif and Larkin (1991), Linn, Songer, and Lewis (1991a),
and by Songer and Linn (1991).

Student answers were

categorized into thirteen divisions (see Table 7 and
Appendixes E, F, and G).

Table 7
IvP-e.S-0-f

Suggestions Made bv Students fo r Next Step in

Studying System

Num ber

of

stu d e n ts

s u g g e s tin g
What do to next

Grade 9

___________________________(n = 9)

Grade 12

College

(n = 12)

(n = 9)

Do field work

8

12

8

Gather natural history data

8

8

7

Study geography

3

3

2

Study migration

2

3

2

Study geology / topography

1

1

1

Physiology

1

3

Experiment -- true

1

5

Pseudo-experiment

2

Compare to other islands

6

Dissection

1
1

Compare to mainland

5

Study human effects
Nothing

3

1
1

1

All three groups felt that field work and the gathering
of natural history data were the most important things to do
next.

The rationale most often given for this suggestion was

that all the details must not be known.

Therefore, the

students assumed that the data were incomplete and that
more data of the same type would help make more sense of
the system.
When the answers were categorized based on the type
of design of scientific research, the twelfth graders most
often suggested doing what could be described as a true
experiment.

They also most often saw the value of

comparative research.

Graphing the variables would also be a

useful strategy for analyzing the data already present,
however, no one suggested this technique.

This part of the

study can be related to suggestions for reform in Duschl's
Restructuring Science Education (1990) and in Project 2061
(American Association for the Advancement of Science,
1989).

Project 2061 emphasizes that scientific "habits of

mind" should be developed during science education.

This

includes dealing with uncertainty in evaluating data.
Students' conceptions about how science progresses is also a
fruitful area for research (Linn et al., 1991a).

Songer and

Linn (1991) found that a student's view of science influenced
their ability to integrate scientific knowledge.

Effect of Number of Biology Courses Taken on
Evaluation

of

Results

Evidence
from

evaluation

of

evidence.

This question has already been addressed indirectly
in the results discussed earlier.

There are many ways of

defining effective evaluation of evidence, but this discussion
will focus on the number of variables the students used to
evaluate the evidence, the use of appropriate biological
theory, and the scientific methods suggested by the students.
The greater the number of variables the student is able to
hypothesize would affect the system, the greater the
student's working knowledge of biological phenomena.
Projecting unseen biological effects on this data set depends
on the application of prior knowledge.

The number of

variables used by each student appears in Figures 7 - 9.
Recall from Table 2 that the range and average of the twelfth
graders and college students were very close and higher than
that of the ninth graders.

These data show that the ability to

use a larger variety of biological variables improves with
content background.
However, first recall the data that showed that the
twelfth graders integrated an understanding of evolution in
their evaluation of the evidence most frequently (see Figure
10; but as also mentioned previously, a greater percentage of
college students accepted the concept of evolution.
Therefore, the answer to the question, "does the number of

courses a student has in biology make a difference in how
effectively they evaluate evidence?," is, "it depends."

If a

student can be considered more successful in evaluation of
scientific evidence if they can integrate factual knowledge
and theory (Duschl, 1990; Linn et al, 1991a; Reif and Larkin,
1991; Songer & Linn, 1991), and I believe this is the case,
then the twelfth graders are outperforming the other two
groups, including the college students.

In this case, it seems

plausible that teacher effects and family influences (see
Table 9) are more important in a student's ability to apply
the theory of evolution than the number of courses a student
has.

These results agree with those of Grose and Simpson

(1982), who found that the influence of the church,
educational level completed by father, and gender combined
with teacher effects correlated more with pro-evolution
attitudes in college students than did the number of high
school science courses taken.

Bishop and Anderson (1990)

also found that the amount of biology courses taken was not a
predictor of the pretest or posttest performance in their
study of student conceptions of natural selection and
evolution.

Therefore, the acceptance of evolution may

increase with coursework, but its true understanding and the
ability to use the theory in evaluating evidence may depend

upon teacher effects and other factors.

For a description of

the twelfth grade course written by its teacher, see Appendix
K
Second, also remember that the twelfth graders
advocated experimental and comparative scientific methods
more often (see Table 7) than the other groups.

Again, this

shows that these students have a greater appreciation for the
process of scientific inquiry as suggested by the American
Association for the Advancement of Science (1989), Duschl
(1990), Linn et al., (1991a), Reif and Larkin (1991), and
Songer and Linn (1991).

Results

from

effects

of

informal

edu catio n .

The questions asked in the biological literacy surveys
tried to ascertain to what extent the students thought about
scientific issues outside of the classroom.

Thus, this survey

concentrated on characterizing the informal scientific
education the students received.

Students were scored based

on expressed desire to pursue a science-related career,
amount of time spent watching science-related television
programs, presence or absence of an immediate family
member in a science-related field, participation in sciencerelated hobbies, and reading science fiction or other sciencerelated material.

Partial points were awarded for amount of

TV watched and varying types of reading.
survey can be seen in Table 8.

Results from this
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Table 8
Scores on Biological Literacy Survey for Each Type of Student

___________________________________ S c o r e ________________
S tu d e n t

n

R ange

A verag e

C a t e g o r y _______________________________________________
Ninth Grade

9

0 - 5

2.39

Twelfth Grade

12

0.5 - 5

2.71

College

9

1 -4

2.50

N ote. Scores could range from 0 to 5.

Note that again the twelfth graders have the highest
average score again followed by the college students then the
ninth graders.

It is also insightful to examine the

distribution of these informal education influences among
these groups (see Table 9).

Table 9
Biological Literacy Survey Positive Responses bv Type of
Informal Education Influence

% of s tu d e n ts
s a m p le

e x p re s s in g

re la te d
Inform al

in each

p o s itiv e

s c ie n c e a n s w e rs

Grade

influences

9 th

Career Plans

44.4

58.3

77.8

T ele visio n

55.5

50

44.4

Family Members

33.3

66.7

33.3

Hobbies

33.3

33.3

22.2

Reading

72.2

62.5

72.2

Note.

12th

College

Bold face type indicates highest average for that type

of informal education influence,

n = 9 for ninth grade, n = 12

for twelfth grade, and n = 9 for college.

Notice that the ninth graders most frequently had the
larger percentage of students responding positively to the
biological literacy questions.

That is, the ninth graders had

some sources of informal education in which they
participated relatively more often than did the other groups
even though the ninth graders had the lowest average score
overall score on this measure.

It should also be noted that
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the trend in career plans can be explained by observing that
more of the high school students gave an answer of "I don't
know" than did the college students, who were from a zoology
majors class and therefore more likely to have a career goal.
However, notice that the biggest differences between each
pair of groups occur in the family influence measure.

Twice

as large of a proportion of the twelfth graders had immediate
family members in a science-related profession as did the
other groups.

Overall, results

of

the

number

of

biology

courses

taken .
These data taken as a whole seem to show that there
are differences between these groups that could effect how
effective they evaluate biological evidence.

These

differences go beyond simply the number of courses they have
taken and their age but also depend on teacher effects and on
the influences of career choices of family members.
In order to better appreciate these comparisons,
Appendix I gives sample profiles of the "most successful and
least successful subjects."

Determination of which students

were characterized in this way was done by examining the
quantitative data including:

(a) number of variables used, (b)

number of suggestions given for next step, (c) whether the
subject used the concept of speciation, (d) number of data
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points used, and (e) score on the biological literacy survey.
The two students who had the highest and lowest ranking
across all categories were determined the "most and least
successful" respectively.

The "most successful" student was

number six and was followed by number eight.
students were in the twelfth grade.

Both these

The "least successful"

student was number 16 and the next to "least successful"
was number 20.

Both these students were in the ninth grade.

One could predict that on the measures looked at in this
study, there would be a tendency for an increase in content to
improve the ability to reason with biological content.

I

would suggest, however, that the effects would be much
greater when the courses were structured to emphasize the
unifying theme of biology, evolution, and the various ways
that scientists study biological phenomena.

The college

courses may be stressing the learning of biological content
w ithout framing it in this context, thus ignoring knowledge
about science (Duschl, 1990)
The structure of the twelfth grade class (see Appendix
H) can be compared to the recommendations for enrichment
and acceleration found in several curriculum models.

Davis

and Rimm (1985) list suggestions from the National/State
Leadership Training Institute that describe curricula which
should:

(a) Present content related to broad-based themes,

(b) develop higher-level thinking skills, (c) focus on openended tasks, and (d) develop research skills and methods.

Treffinger, Isaksen, and Firestien (1980) and Williams (1982)
stressed that classroom activities should try to develop
fluent, flexible, original, and elaborative thinking.

The

students in the twelfth grade class studied were being taught
in a way that compared favorably to these suggestions.

Theories

Students

Suggested

to

Explain

Data

When asked to formulate a theory that explained the
data, most students thought that a "theory" had to involve one
specific thing (e.g., size ox distance) to meet the criteria of a
theory.

Few thought of a theory as being more complex,

which could involve several factors.

In fact, 11.1 % of the

ninth graders and 25 % of the twelfth graders stated they
could not come up with a theory because no one factor
explained all the data.

Kuhn et al. (1988) also found that

their subjects concentrated on attributing cause to one
variable even when other variables covaried with a given
phenomenon.
Only 11.1 % of the ninth graders, 33.3 % of the twelfth
graders, and 11.1 % of the college students incorporated
evolutionary concepts in their "theories".

Ten percent of the

students used vague "theories" such as the presence of
"suitable conditions" to explain the numbers of birds on
islands.

These "theories" certainly would not be judged as

powerful scientific theories as described by Duschl (1990).

Limitations

and

Suggestions

for

Further. Research

Due to the process of theoretical sampling and indepth interviewing, this study has a small sample size for
each type of student.
clearly be in order.

A study involving more students would

Using a randomly selected sample would

also allow comparisons of percentages of students sharing
similar prescientific conceptions and ways of analyzing the
data.

A larger and more random sample could also address

any bias from paid subjects in the college sample.
An important facet of this suggested research would
be to select a more multicultural sample than the one found
in the school already studied.

Because the theoretical

sampling involved finding an appropriate teacher, the
research had no control over the student composition of the
classroom.

One of the most interesting outcomes of this

proposed research would be studying the effects of a
nonwestern religion on the learning of evolution.

This would

remove the issue of conflict with a literal interpretation of
the Bible and could perhaps deal with other creation myths.
Because teacher effects seem to be a variable in how
students performed on this simulation, research into
effective teaching strategies, especially those concerning
evolution, are in order.

Obviously, to measure the teacher

effects, the high school teacher involved in the study would
have to teach the college students in the sample to control

for teacher effects.

An alternative strategy would be to

contrast students of the same population who were taught by
the instructor involved in this study with those taught by an
instructor who did not stress evolution throughout the year.
Another desirable research project could involve a
long-term study to trace a group of students through the five
years from the ninth grade until the end of their first year, of
college biology.

A long term study such as this could also

provide more familiarity with the research subjects and
enhance the "think aloud" interviews of shyer subjects.
Studies involving research into how groups of students
evaluate and interpret data and their relationship to theory
should also be conducted.

As Lave (1988) has pointed out, the

social setting of a problem solving activity can change its
characteristics and outcomes.

Group evaluation of the data

used in my study might force students to use a controlling
variables strategy in order to strengthen the case for the
variable of their choice.

Comments by one student could also

provide insights for other students to build upon.

This

research would require more ethnographic methods and could
add to the literature on cooperative grouping.

Use

of

Island

Bioaeoaraphv

in

Instruction

The subject of island biogeography can be used to
illustrate several important concepts in biology and is,

therefore, valuable subject matter for instruction.

Island

biogeography gives concrete examples of concepts important
to evolutionary theory such as migration, speciation,
adaptation, extinction.
biology.

Evolution is the unifying theory of

The biological and health science panel report from

the American Association for the Advancement of Science's
Project 2061 (Clark, 1989) and the Committee on HighSchool Biology Education (National Research Council, 1990)
identify evolution as one of the all-pervasive principles that
should be taught in our schools.

The fact that islands support

relatively small and simple communities, often with
relatively short histories, helps to make the system more
comprehensible than continental biogeography and, thus,
increases its explanatory power.

Instruction using more

naturalistic settings for reasoning, such as the simulation in
this study, has been suggested by Linn et al. (1983) in order
to increase a science course's relevance.

That this

simulation also deals with a fundamental theme in the
content, also strengthens its desirability (Linn, 1987).
Second, the decreased complexity and increased
comprehensibility also played a major role in the use of such
data by Charles Darwin and others.

Thus, island biogeography

can be used as an entry into the history of science and can
illustrate the historical development of the theory of
evolution.

Integrating the history of science into instruction

has been suggested by Duschl (1990) and Wandersee (1990).

Third, this field of biology is actively developing a
theory for use in the study of island biogeography and of
biogeography in general.

The historical and current

development of this theory is an excellent example of
hypothesis development in biology.

Students can relate their

interpretations of evidence to those of actual practicing
s c ie n tis ts .
Fourth, island biogeography would lend itself to
computer simulation and, thus, be a way to use technology in
the classroom in a meaningful way.

Students could

manipulate data and graph the results.

Biologists use

computer simulations to study island biogeography, so some
software is already available that could be modified for
educational use.

Science education research has shown that

such interaction with software both promotes the learning of
content and stresses reasoning skills (Friedler, Nachmias, &
Linn, 1990; Nachmias & Linn, 1987).

SUMMARY AND CONCLUSIONS

Summary

of

Study

This study investigated student reasoning using
biological content.

Students were given a simulation

involving island biogeography and were asked to explain the
data in a "think aloud" interview.

These data were chosen for

the interview because they represented a relatively simple
system with more than one biological variable.

The research

questions drew on the theory base involving scientific
reasoning, problem solving, and prescientific conceptions.
Theoretical sampling was used to produce a sample of thirty
high school biology and college zoology students who had
been exposed to the concept of evolution by teachers with
appropriate content backgrounds.

Qualitative and

quantitative methods were used to answer the research
questions.
The first research question was:

What number and

what type of variables will students use to evaluate
biological data?

Nineteen categories of variables used by the

students emerged from the data, and there was substantial
overlap among groups.

The most often used variables by each

group were size, distance, and food availability.

On average,

the twelfth graders used the highest number of variables.
The amount of data the students used to draw their
conclusions varied widely.

On average, the twelfth graders
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used the highest number of data sets and the highest number
of data points in their evaluation of the data.
The second research question was:

Will students use

the controlling variables strategy in evaluating biological
content in a novel reasoning task?

Only four students

displayed the ability to analyze data in this way.
these students were twelfth graders.

All four of

All the groups of

students used several strategies to "explain away" evidence
that conflicted with their hypotheses.
resolve these conflicts included:

The methods used to

(a) minimizing the

differences in the data, (b) making broad generalizations
about the data, (c) using anthropomorphism, and (d)
suggesting that other specific unseen variables were having
an effect on the data.
The third research question was:

To what extent will

students use the theory of evolution to explain biological
evidence?

Relatively few students considered time

(evolution) as an important variable, and prescientific
conceptions about evolution abounded. Possible reasons for
the lack of application of the theory of evolution to this
situation are:

(a) confusion of ultimate and proximate

causation, (b) presence of prescientific conceptions about
evolutionary concepts, (c) conflict of a literal interpretation
of the Bible with scientific reasoning, (d) lack of familiarity
with evolutionary evidence, (e) influence of home
environment, and (f) teacher effects.

The concepts of

speciation, extinction, and adaptation were used by the
students when they incorporated the theory of evolution.

The

twelfth grade students were the most effective in using the
theory of evolution (and the central concept of speciation) in
their evaluation of data.
The fourth research question was:

After students have

generated their own hypotheses to explain the data, what
effect will a researcher-introduced theory have on the
interpretation of data?

The extent to which the students

accepted an introduced theory said to have originated from a
scientist decreased with age.

Most students agreeing with

the introduced theory did not look at the data again while
most students disagreeing with the theory did return to the
data.

The great majority of the students who did reexamine

the data used the data to look for evidence to confirm their
opinion.

This is the phenomenon of confirmation bias.

The fifth research question was:

What will students

see as the next step in a scientific investigation of this
situation?

Student responses to this question were

categorized into thirteen divisions.

The most common of

these for all groups was performing field work and gathering
natural history data.

The twelfth graders were the most

effective in suggesting experimental and/or comparative
research as the next step in a possible scientific
in ve s tig a tio n .

The results summarized previously in this section
answer the sixth research question:

Will the number of

courses a student has in biology make a difference in how
effectively they evaluate biological data?

The twelfth

graders outperformed all groups, including the college
students, on almost every analysis.

It is hypothesized that

most of this can be explained by teacher effects and by
effects of informal education.

A biological literacy survey

(see Appendixes B and C) found that, on average, the twelfth
graders scored higher in the amount of informal science
education.

The most dramatic of these differences occurred

related to the presence of a family member in a sciencerelated field.

Significance

of

the

Study

Research on the effects of content on student reasoning
has many applications to science learning and teaching.

As

already mentioned, the United States compares poorly to
other industrialized countries in scientific reasoning ability
(Lapointe et al., 1989).

Thus, research with applications that

can improve scientific reasoning is valuable for several
reasons.

First, if students perform formal reasoning tasks

(e.g., controlling variables and proportional reasoning)
differentially based on content, and this study suggests they
do, then the effects of content on reasoning will need

additional research in a variety of domains.

In addition to

this, instruction activities designed to promote meaningful
learning of important science content is needed (Novak,
1988; Saunders & Jesunathadas, 1988).
Second, research involving content-specific
prescientific conceptions, as revealed in this study, gives us
insight into what conceptions students bring to instruction
and how this affects reasoning (American Association for the
Advancement of Science, 1989; Stewart et al., 1982).
Instruction should be designed with these conceptions in
mind.

A base for this research already exists in biology

(Wandersee, Mintzes, & Arnaudin, 1989), but more work is
still needed.
Third, research about content-specific knowledge can
give insight into how content influences the strategies
students use to solve problems (Stewart et al., 1982;
Yekovich et al., 1991).

As Resnick (1983) states "... a

person's intelligent performance...depends intimately on the
kind of knowledge that a person has about a particular
situation...." (p. 278).

This research adds to the research base

in problem solving, which is focusing more and more on the
role of content (Smith, 1991).

These students used variables

to analyze the evidence that are unique to biology (e.g.,
evolution, human influences).

Linn et al. (1983) speculated

that in addition to this direct role, content could also have
indirect effects by influencing strategies used.

Thus the
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importance of prior knowledge in the content area and the
patterns of its use had a great effect on the way in which the
students reasoned about the simulation.

Similar effects

were also seen by Schauble et al. (1991) and by Yekovich et
al. (1991) in a non-science content domain.
Fourth, research suggests that generalizing reasoning
to a new content area is not automatic.

Reasoning strategies

taught in science classes using science-related tasks may
not generalize to other areas without additional instruction.
Techniques to facilitate this transfer might be developed
from research into reasoning that takes the nature of the
content into account (Linn et al., 1981).
Finally, research in content area reasoning with
multivariable causes and ambiguous data is rare.
Developmental studies of this type of reasoning are rarer
still.

Many researchers have called for such research, and my

study attempted to address this need in a qualitative and
q uantitative

way.
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I am currently doing my doctoral dissertation on how students leam biological concepts.
One of my focal groups is biology majors who are early in their academic careers. As
part of my research, I am seeking students to be part of my study. Participants will
rem ain an o n y m o u s in the study, and it will not effect your grade in this class in any
way. Participation in the study consists of one interview (not a biology test), which will
take about twenty to thirty minutes of your time. I will meet a n y tim e - at y o u r
c o n v e n ie n c e and would be happy to pay you $ 5 .0 0 after the interview to thank you
for your time.
Please consider participating in this study. It will be used to improve biological
instruction at both the college and the high school level.
If you are interested in participating, please answer the questions below and return this
form to me (see address below) or to your lab instructor.

Name;_______________________________
When did you take the first semester (Biology 1201) of this college
sequence? _____________________
Did you have any biology in high school past your 9th or 10th grade class
(e.g., AP or human physiology, etc.?)
YES
N O ______
Phone number where I can reach you to schedule interview:

P le a s e

re tu rn

to

:

Catherine Cummins
Dept, of Curriculum and Instruction
Peabody Hall
LSU
Baton Rouge, LA 70803
Phone:

Work 388-6867, 388-2149
Home 642-0113 (has answering machine if I'm not there)

Thanks fo r iio u r time!!!!!!!

I
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Subject

N um ber

_____________

G r a d e _____

This survey is to help me understand your background so I can
better analyze your answers from the interview. Feel free to use
extra page(s) if needed.
1.

What is your favorite subject in school?

2. Do you plan to attend college?

Yes

No

3. What, if any, are your career plans?

4. On average, how many science-related TV programs do you watch at
home per week? This would include such programs as Nova, Nature,
National Geographic specials, Audubon Society specials, etc.)
What is your favorite?

5. What have been your most favorite activities in your biology and/or
environmental science classes?

6. Are any of your immediate family members working in science-related
fields?
______ Yes

No

If yes, which members and what do they do?

7. Could you describe your ideas about what biologists do on a day-today basis?

8. Do you have any science-related hobbies? (for instance, bug or leaf
collections, chemistry set, e tc.)
Yes
No
What are your hobbies (either science-related or not)?

9. Do you enjoy reading science fiction?

Yes

No

Do you read any science-related magazines or books that are not assigned
in school? If so, what?

10. Do you have any comments about your education in science at school
or at home that you would like to share?
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Subject

Number

_______

C lassification

______

This survey Is to help me understand your background so I can
better analyze your answers from the interview. Feel free to use
extra page(s) if needed.
1. Have you taken any science classes in college that dealt with the
concept of organic evolution besides the Biology 1201 / Zoology 1202
sequence?
_______ Yes
No
If yes, which ones?

2. What grade do you expect to receive in Zoology 1202?
3. What, if any, are your career plans?

4. On average, how many science-related TV programs do you watch per
week? This would include such programs as Nova, Nature, National
Geographic specials, Audubon Society specials, etc.)
What is your favorite?

5. What have been your most favorite activities in your biology and/or
zoology classes?

6. Are any of your immediate family members working in science-related
fields?
Yes

No

If yes, which members and what do they do?

7. Could you describe your ideas about what biologists do on a day-today basis?

8. Do you have any science-related hobbies? (for instance, bug or leaf
collections, chemistry set, etc.)
Yes
No
What are your hobbies (either science-related or not)?

9. Do you enjoy reading science fiction?

Yes

No

Do you read any science-related magazines or books that are not assigned
as part of a class? If so, what?

10. Do you have any comments about your education in science at college
or at home that you would like to share?
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Have you studied the phylogenetic hierarchy (Kingdom, Phylum, Class,
Order, Family, Genus, Species) before?
yes
no
Did you study the phylogenetic hierarchy this school year?
yes
no
What does the word "species” mean to you?

How many species of birds do you see below?

r a m a r h v n ^^is unrvulue
Camarhvn chuB p allid ue

Camarhvnehus p nit.t.anula

Geospiza magnlroetrls

C a m a r h y n c h u s craselrostrls

Geogplza ecandens

ect Number

Grade

Class

Date
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Student
What do to next

number

16 1 7 18 1 9 2 0 21 2 2 2 3 2 4

Gather natural
history data

Study geography

Study migration

Study geology / topo.

Physiology

Experiment - true

Nothing

♦ ♦
♦

♦

APPENDIX F
SUGGESTIONS MADE BY EACH TWELFTH GRADE STUDENT FOR
NEXT STEP IN STUDYING SYSTEM
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Student
What do to next
Do field work
Gather natural
history data
Compare to other
islands
Compare to mainland
Experiment - true
Study evolutionary
h isto ry
Study physiology
Study migration
Study geography
Study geology / topo.

i

2

4

4

4

4
4

6
4

4 4
4
4

4

♦
4

10
4

♦

4

11
4

4

12
4

13
4

14

4

4 4 4
4

♦

♦ ♦
♦

4 4

4

4 4

4

♦

♦

4
4

9
4

+

♦
4

4

4

♦

4

8

1
4

number

4

♦

4

4
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Student

number

What do to next
Do field work

2 5 2 7 2 8 2 9 3 0 31 3 2 3 3 3 6

Gather natural
history data
Experiment - true

+
^

Pseudo-experim ent

^

♦
♦

♦
♦

♦ ♦
♦

♦

Study migration

♦

♦
♦

♦
♦

♦
♦

Study geography

♦

♦

♦
♦

Study geology / topo.

♦

Compare to other
islands
Compare to mainland
D issection
Study human effects

♦

♦
♦
♦
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B io lo g y I I C ou rse — S e n io r
by Patsye Peebles

S cience

My major goal in planning my science course was to
develop a curriculum to meet my dual objectives of preparing
students for scientific careers and of developing scientific
literacy in all students.

My biology I class is a fairly

traditional one with a strong laboratory component, and I
focus on the conceptual themes which bind biology together:
evolution, genetics, unity and diversity of life, and
homeostasis.

I spend more time developing a thorough

understanding of the basic principles of cell structure,
genetics, and the life processes such as cell respiration and
photosynthesis, and then follow with a survey of the
kingdoms.

I leave out the human anatomy portion because I

focus on that in my seventh grade life science class.

I

wanted to develop a biology II class with a different concept.
The usual biology II course is a repeat of biology I on a higher
level, an anatomy and physiology course, or an AP biology
course which is again biology I on a higher level.

They all

emphasize very structured, fact-based content with a lot of
rote memorization.

A number of researchers in science

education have decried this type of teaching, stressing
instead the need to teach critical thinking skills, process
skills, cross-disciplinary information, and s c i e n t if i c
lite ra c y .

The AAAS's Project 2061 incorporates many of the

goals which I had included in my classes, and I was very

pleased to discover the correlation.

They stress

understanding key concepts, being familiar with the natural
world and with technology, having a capacity for scientific
thinking, knowing the strengths and weaknesses of science as
a human enterprise, and using scientific knowledge and ways
of thinking in an interdisciplinary world.

This fills the needs

for both science and non-science majors in college, and for
those who don’t want to go to college as well.

The National

Research Council's Fulfilling the Promise states that "The
time has come to stop designing curricula by the process of
serial dilution, in which the high-school course is a thin
version of the college course, and the middle-school course
is a thin version of the high school course."

They suggest

that the AP biology course "may not be the soundest
educational experience for students" who take a second
biology course in high school.

They recommend either a

course in experimental science or what they call a "capstone"
course.

This course would include several modules which

would integrate science and society issues and focus on
current topics of interest.

The students would brainstorm

and research the problems and write reports giving
alternatives, conclusions, and recommendations.

They see

the benefit of this course as "the educational reward to
students in discovering interdependences, complexities,
dilemmas, ambiguities, and the need to synthesize
information in designing solutions to society's problems" as

well as developing "skills in reading critically" and giving
"understanding that scientific inquiry is open-ended and that
studying science is not simply reading and memorizing."

I

was really thrilled to read this, because that is exactly what
my biology II course is designed to do.
I began developing this course five years ago.

It has

evolved over the years and continues to do so, and I include
some input from the students on possible topics.

The basic

structure of the course includes an exploration into what
science really is and how it is carried on, including
experimental design,

problem-solving

activities,

brainstorming, critical reading and thinking skills, library
and reference skills, and laboratory skills and techniques.

My

textbook, which is used for the first few weeks and
thereafter only occasionally, is Biological Science: The
interaction of experiments and ideas. We discuss the nature
of science and follow the sequence of open-ended
experiments involving yeast respiration in various solutions
to learn about experimental design.

We do logical thinking,

problem solving activities as well as creative thinking
activities.

I make sure they read and hear about a variety of

scientists and their work, and many current issues in biology
are introduced through magazines and videos.

One of the

mainstays of the course is scientific article critiques which
the students do about once a month.

They begin with D iscover

and Science 8?. and must choose an article to read and report

on.

The report includes a summary of the article and a

critique of the science involved and the author's technique.
Later in the year, some will progress to S cientific
or other journals to choose their articles.

American

Most of these

critiques are reported to the rest of the class, so everyone is
exposed to some current topics in various science fields.
Their developing understanding of science and experimental
design helps them to better analyze the article’s content.
They are also required to read a science fiction book from my
list of possibilities.

These are books with good science in

them, often written by scientists, and classic science
fiction.

They must then analyze-the books in terms of the

science contained in them.

They read, hear, and see a wide

variety of science essays, science fiction, and biographies on
both film and paper throughout the year.

I use the essays in

Natural Acts by David Quammen and I am reading other books
of essays to add to the selection.

I use articles in D isco ve r

and other sources, copy them, and we discuss them together.
Many things lead to other things, such as the book report on
Clan of the Cave Bear which sparked so much interest that we
watched the movie.

That started a discussion by the several

who had read the book about how much better the book was,
and several more students are now reading the series.

We

then read the May 1989 D iscover article, "The Great Leap
Forward" by Jared Diamond, and discussed the commonalities
with the book and movie.

One of the units in the course is a fairly comprehensive
microbiology unit in which we make our own media, learn
sterile technique, sample the world of bacteria around us
(they love to culture the telephone, door handle, and water
fountain), and use known bacteria cultures to practice a
variety of stains and techniques.

The culmination of this unit

is an unknown to identify, in which their methods are more
important than getting the identification exactly right.

We

also do a fetal pig dissection in which they get to choose
whether they actually dissect or not, but everyone is
responsible for learning the anatomy.

I continue to do this

because it is a real highlight for my pre-med hopefuls and
some of the others.

It's a good opportunity to find out if they

really enjoy this, and after the lab practical they get to sew
their pig back up and perform various mock surgeries on him.
Another popular unit is the sex education unit which focuses
on responsible, healthy behavior and developing skills in
avoiding dangerous or pressured situations, handling peer
pressure, and dealing better with relationships.

My personal

favorite unit, however, is the animal behavior focus.
We begin this unit by reading National Geographic
articles about different animal behavior studies, especially
primates, to find out how the studies are conducted.

We read

Jane GoodalPs articles as a class and watch the video on her
work.

The students investigate the different methods

employed in ethology, and they design their own behavior

experiment using mealworms and conduct and report on it.
They dissect owl pellets and learn about predator-prey
relationships and ecology, and the highlight of the unit is a
trip to the zoo during which they do their own animal
behavior observations.

After this we follow with some

simple observations of human behavior, body language,
spacing behavior, and other non-verbal communication.

(They

enjoy observing their school-mates and analyzing their
behavior!)

Interspersed with this unit, we talk about

conservation issues, animal rights issues, and endangered
species.

We had a lively debate on animal rights with the

class divided in two groups which had to research both sides
of the issue and debate both sides of the issue. (Or issues, as
we included everything from animal experimentation to
dissection to fur coats!)

I read them excerpts from Fariey

Mowat's Never Crv Wolf, and we then watched the movie. We
study the importance of evolution as a unifying theme in
biology, and they watch the Nova video on Stephen Jay Gould
as well as reading and reporting on some of his essays.

I use

the video "On the Shoulders of Giants" to emphasize the
historical perspectives of how scientists today build their
work upon others and stand "on the shoulders of giants" to
reach new heights and new discoveries.

We discuss the

different theories of dinosaur extinction using articles,
books, and videos. They read an essay on Jack Horner, the
paleontologist, from the book Natural Acts. I read them

excerpts from his book Digging Dinosaurs., and they see the
Incredible Voyage program on his work, and they discover
that scientists are not eggheads stuck off in a lab
somewhere, and that even underachieving students can
become highly successful scientists.

We talk about all the

exciting research going on at LSU by people like Dr. Robert
Godke from Animal Science, Dr. Janes from Biochemistry, and
Dr. Meier from Zoology, as well as others.

We sometimes

have scientists such as these speak to the class about their
w ork.
The evaluation for this course is a little different as
well.

I employ open-ended essay questions which aim for the

"big picture" overview.

I am gradually revising my semester

exams for all my classes toward this goal, and I find that it
really does give me a better idea of what the student
understands.

The students get the opportunity to critique the

course at the end, and make suggestions for changes.

I have

employed a number of these suggestions over the years and
fine-tuned the class accordingly.
The successful outcomes of my course are the student
behaviors I observe.

There are very high levels of motivation,

interest, and confidence generated.

They are able to analyze

scientific issues and take a stance, then investigate it and
support it.
well.

They really enjoy learning about current issues as

Two former students evaluated the class as follows.

thoroughly enjoyed Biology II this year.

"I

It was nothing like I

expected.

I thought that we would just go over information

and take tests on it like every other class.
essay tests.

I really liked your

I think that it gives everyone a good chance to

express themselves.

I really liked the debates, also."

"My

analysis of the Biology II class is that the class was more
enriching than the average class.
different angle.

It was approached from a

Instead of just studying facts from a book,

we, the class, took those facts and elaborated on them.

This

caused us to think, make decisions, and enhance our
knowledge in a variety of subjects.

The students were

allowed to be creative while learning, which is a very rare
com bination."
The class is rarely dull, and I'm not always sure which
students will respond to which experiences, but they all find
something which turns them on during the year.

It's very

important to set the tone from the first that they can
express themselves freely without fear of being laughed at or
put down by the other students or more subtly put down by
the teacher.

Sometimes the discussions get heated because

they develop rather passionate views on the issues but with a
little 'monitoring hurt feelings and anger can usually be
avoided.

! consider my students to be well on their way .to

scientific literacy, and they love it!
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P ro file

of

S u b je c t

N um ber

6,

th e

"M o s t

S u c c e s s fu l"

Subject

Twelfth Grade
Female
Had a score of only two of five on the Biological Literacy
Survey, but this included positive responses for family
and career.
Used 11 variables to evaluate the data including speciation.
12#6:

Maybe they're, ah, very closely related,

CC: OK
12#6:

and that way that maybe there's only, in

actually only ten of them flew over there (Set I - 30).
But they were ten different ones and they breeded and
they urn, crossbreeded.
CC: OK. So they might, might start out with ten, ten
different types of birds and now they're crossed to
more.
12#6:

Yeah

CC: OK.
12#6:

Ah.(pause, clears throat) maybe the ten flew

over here (Set 1 - 1 0 ) where they flew they didn’t
crossbreed, and they were satisfied with their own
space and didn’t really have to interact with the other
species.

175

Displayed bracketing.
Gave eight suggestions for the next step, which included both
types of comparative research.
12#6:

Yes.

Well, I mean, you couldn't do a study and

make any ah, I mean, you could make a bunch of
hypothesis, but you couldn't really come to any
conclusions.

If, say, I used these two (Set E and H)

because E's mainland is different than H's, and
CC: R ight
12#6:

the birds are going to be different.

Their

environment's different.

Their, the, just the whole

atmosphere is different.

And you can't say that because

these birds flew here (Set E - 20) this way, that's the
same reason they (Set H - 10 - m edium ) d id .
CC: Right Good.
12#6:

So, I mean, if you were to make this study, it

would have to be not why birds go to the larger island.
It would be why birds in mainland E (Set E) go to the
larger circle (Set E - 20).
have to be to.

You know, I mean, it would

You couldn't just, you know, publicize

that this is why it happens.

12#6:

Find out everything about these.

everything out about these.

Then find

And then you, once you have

the basis then it would be easier to tell — to compare.

Used 25 data points in the evaluation of data.
Was religious but believes in evolution.

However, does not

believe in evolution for humans.
12#6:

I can see correlations in things that people

make as far as evolution.

I believe in creationism

though.
CC: OK
12#6:

And I don't --

to a certain degree.

But I do believe in evolution also
I mean, I believe that , ah, humans

were created, but I believe that it's possible that a lot
of our plankton and smaller animals were evolved, but
(pause)
CC: So maybe special cr..., you know, maybe God had a
hand in the human part of it
12#6:

I think that God created everything

CC: Right.
12#6:

I think he created some things to evolve.

CC: So the ways he created them may differ?
12#6:

Yeah

CC: OK -- Or that she created them (laugh)
1 2 # 6 :(la u g h )
CC:

Urn, The only reason I'm asking this kind of thing is

that if , if someone just totally doesn't believe in
evolution at all, I need to know that

because that will

effect the way that you all look at the stuff I gave you,
or it may effect it.

That's just something that they

wanted me to know where you all, where you all stood
on that..

So, um, is there anything else you wanted to

say about any of that?

About evolution or animals on

islands or creationism or anything?
12#6:

Nah, I mean, just that I believe in creationism

but also evolution.

Just, I don't believe that the whole

earth evolved from an atom or anything like that.
That's it.

Did not accept size theory when given.

Did reexamine data to

deal with the theory but displayed confirmation bias.
Felt more than one factor was needed to explain that
data.

Profile

of Subject

Number 8, the

S u c c e s s fu l"

Second

"Most

S u b je ct

Twelfth Grade
Male
Had a score of five of five on the Biological Literacy Survey.
Used nine variables to evaluate the data including speciation.
12#8:

I'd definitely first search start.

I guess

the very first thing I'd do is start charting sizes
and distances.

Chart all the distances -- like

from this

point (Set H - mainland) to this point

(Set H -

10 - small), this point (Set

m ainland)

to this point

H -

(Set H - 10 -

m e d iu m ), and then this

point (Set H -middle

of

three points (Set H -

m ainland) to say all

10 - small, H - 10 - medium, and H

- 10 -

la rg e ), and this point (Set H - bottom of
m a in la n d ) to all three points (Set H - 10 small, H - 10 - medium, and H - 10 - large).
CC: OK
12#8:

And I'd try to chart

where the thickest

concentrations of the different species were (S e t
H - mainland) and then again which islands (S e t
H - 10 - small, H - 10 - medium, and H - 10
- large) the thickest concentrations are on.

And

I’d also try to chart the ecosystems of
everywhere (Set H).
CC: Um hum (positive response).

So you'd look at

everything in more detail
12#8:

Oh yeah

CC: than just the numbers.you have here.
12#8:

just the numbers, yeah.

CC: Good. Would you want to do anything else?
12#8:

Ah, I wonder, I, I guess I'd try to tag a few

-- a few -- a lot (laugh)
CC:

(laugh)

12#8:

of the birds and just from everywhere.

Just, you know, where they're more apt to go (Set
H).

If they’re more apt to explore a wider radius

or if they just want to go to the first land (Set H
- 10 - medium) they see.

And I'd just somehow

manage even, if I could even just keep the
research going even long after I'm dead and the
next guy the next step.
CC:

Just to see

Put graduate students

12#8: how they evolve....Yeah.

I probably

wouldn't see it in my lifetime.
CC: Right
12#8:

Yeah I'd

CC: What, what, what difference do you think
that time would make to them?

12#8:

Well, like, eventually the birds that would

more apt to, to survive here would eventually
learn to be, you know, learn to survive here (Set
E - 30), stronger and eventually you'll see their
numbers probably here (Set E - 20)

Gave six suggestions for the next step, which included a true
experiment and both types of comparative research.
12#8:

(long pause) I suppose I couldn't force

anything on the data, but.

I couldn't say plant

grass on one island (Set H) just to bait them
there.
CC:
12#8:
CC:
12#8:

I don't know if that would be
It
a good idea.
You could try it.
Yeah.

I just, I just think about messing

with things.
CC:

(Laughs).

But that would, and wouldn't that

be an experiment in a way? That
12#8:

Yeah, but if they got on this rock (Set H -

10 - medium), they got a rock.
CC:
12#8:

(laugh)
Ah, yeah I suppose we could take a small

area (Set H - 10 - m edium ) just to see if it
attracts more.

If I could get bigger

concentrations or something, you know.

Used 20 data points in the evaluation of data.
Was religious but believes in evolution.

Dropped the literal

interpretation of the bible.
CC:

Can you tell me how you feel about the theory of

evolution?

Or if you have any feelings about

creationism?

If you have

12#8: (HEARTY LAUGH)
CC: any feelings about them both.

I guess kind of need

to know where you're coming from on all that stuff.
12#8:

I’m kind of irate toward creationism because of

where I used to go to school.

I used to go to Christian

Life,.
CC: Urn
12#8:

and one of the things that I never have stopped

laughing about was the biology book there.

Now this is

the kind of biology book, and I don't know if you like
this or not.

I don't mean to I'm offend you if you do.

CC: No you won't.

I promise you won't offend me.

(laugh)
12#8:
chapter.

It has little Bible quotations after every
So that every chapters about, oh, it must have

had three chapters on creationism, and I think a section
describing what evolutionism was, where it came from,
and why it's bad wrong.
CC: Really

12#8: And every since then I have just been so
against, you know, the creationist people.

That, ’cause I

ask them, you know it’s like, how can the Earth have
been, you know?.
to creationism?

I said, how old is then earth according
"Oh, six thousand" (mocking them -

sounds like they are dumb)

Well then how does light 20

billion years away get here?

So I'm uh, no, I, I support

evolutionism
CC:

fully.

(laugh at his expression of exasperation)

12#8:

I've got some of mine own ideas

CC: Sure
12#8:
CC:

For the most part.
Some people think that you can't, that if you’re, I

think a lot of the creationists think this, that if you’re
not a creationist then you're not religious.
12#8:
CC:

(Sigh)
They see that as a dichotomy.

Do you have any

problem with that?
12#8:

(Sigh)

CC: Do you see that you can be religious and not be a
c re a tio n is t?
12#8:

I'm extremely religious and I extremely support

the evolutionist theory.

You know, as far as I'm

concerned, God sparked off evolutionism and let it go
from there.
CC: Urn (acknowledgment)

12#8:

He did not just zap down man, and I consider

Genesis to be allegory, purely.
CC:
12#8:
this.
CC:
12#8:

Um hum (positive response)
I think invariably, I think you can just interpret
It's a difference of interpreting religious history
Right
T heology

CC: Ok, Well, you were easy. You had your opinions all
set and ready to go.

Is there anything else you'd like to

say about any of that or anything?
12#8:

I could go on for hours.

(Laugh)

CC: (Laugh) I don't have that much tape. You can on on
further if you want?
12#8:

If you're from Christian Life, yeah, I'd

CC: No, you don't have to tell me.
12#8:

I’d keep dogging and dogging and dogging.

CC: (Laugh)

I bet this was a big change to come here

from there.
12#8:

Oh God!

It was wonderful.

This is the best

school I've ever been to after that.

Did not accept size theory when given.
data to deal with the theory.

Did not reexamine
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P ro file

of

S u b je ct

N um ber

16,

th e

"L e a s t

S u c c e s s fu l"

Subject

Ninth Grade
Female
Had a score of one of five on the Biological Literacy Survey
with a positive response for television.
Used three variables to evaluate the data and did not include
speciation.
Gave two suggestions for the next step, neither of which
included a true experiment or comparative research.
Used no data points in the evaluation of data.

Hypothesized

reasons for distributions in general by pointing to
entire data sets, not data points.
9#16:

OK.

.

I think probably the ones on this one (S et

A) I guess are probably there maybe it's.
that many or ’cause it's cold or something.

There's not
And only

that many have adapted there or something like that.
CC: OK.
9#16:

And this (Set B) has a lot 'cause maybe it's

warmer or something, and it's easier to adapt or
something.
CC: OK
9#16:

Hum (pause) and these (Set E) are almost the

same amount.

So they're a little bit different.

So these

are probably just the easiest to adapt to or something.

Was religious but believes in evolution.

However, does not

believe in evolution for humans.
CC:

Could you tell me about, urn, what you think about

evolution, or creationism, or both of them, or neither of
them, or whatever?
9 #1 6:

Like whether or not I think evolution

CC: Yeah
9#16:
CC:
9#16:

evolution happened or something like that?
Yeah whether or not you think it happened.
Well, I think it maybe happened, like, to a

certain extent.

But I really don't think that we came

from monkeys and all that kind of stuff.

That just is

beyond me.
CC:

Do you, urn, do you think that? Is that because you

feel you have kind of ties to the Bible?
9#16:

Yeah

CC: Or just in general you don’t think that we came
from monkeys?
9#16:

Kind of both

Accepted size theory when given.
deal with the theory.

Did not reexamine data to

CC:

Scientists think, some scientists think that it’s

size, ah, the size of the island that makes a difference
in how many species it has.

What do you think about

that
9#16:

That's

CC:

theory?

9#16:

pretty good.

CC: Think that would
9#16: Yeah.

’Cause if you.

I mean, I would assume

that the smaller it is, the less quantity of, the animals
it can
CC:

Urn hum (positive response)

9#16:

take on that little bitty island.

CC: Right.
9#16:

So

CC: You think that would be good?
9#16:

Yeah

Did not display bracketing.
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Profile

of

Subject

Num ber

S u c c e s s fu l"

20,

the

Second

"Least

S u b je c t

Ninth Grade
Female
Had a score of 3.5 of five on the Biological Literacy Survey
with positive responses for television, fam ily member,
and reading..
Used three variables to evaluate the data and did not include
speciation.
Gave no suggestions for the next step in the investigation.
CC :

Um, what if you were a scientist, and you had a big

research grant, and you had lots of money that ah -other people's money that you could spend, but you had
to spend it on studying this stuff.
blow it on a car or something.

You can't go out and

But um, you had money

and you had time and you had graduate students that
work for real cheap and ah you could do anything you
wanted to do to study what was going on here.

What

kinds of things would you do to do something to better
explain what was happening?
9#20:
CC:
9#20:
CC:

(laugh)

(laugh)
(pause) Ah (pause)
or would you just go to the island and get a

suntan?

(laugh)
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9#20:

(laugh)

(pause)

I don’t know.

I'd eventually

figure something out, but I can't think of what I'd do.

Used five data points in the evaluation of data.
Was religious but believes in evolution to a certain extent.
Still seems to be making up mind, but has dropped
literal
CC:

interpretation

of Bible.

Um, could you tell me what you think about the

theory of evolution, or creationism, or both of them, or
neither of them, or?

Have you thought about it?

9#20:

I don't really think about that a

Um, (pause)

lo t.,
CC: Ok
9#20:
CC:

but just when we were studying evolution.
Um hum (positive response).

9#20:

We just learned how it happened and stuff.

I

just really don't think a whole lot about it.
CC:

OK.

louder.

Let's move this up a little bit.

Rain's getting

Um, did um, did it make sense to you?

Did the

theory of evolution make, seem like something that
would work or not work to you when you studied it?
9#20:
CC:

Um, it seemed logical.
OK.

Ah, some people, I think, think that you can't

think about evolution and at the same time, um, think
about a God.
there.

They seem to think there's a conflict

A lot of people don't think there's a conflict

there.

It's perfectly capable to think there is a god, and

that things evolve.
of that yet?

Do you know where you stand on any

Or is that something you just haven't

thought about yet?
9#20:

Um, I think there's a god, and I know that

there's been evolution from all the way (not
understandable three syllables).
CC: So you don't have a problem thinking both those
th in g s ?
9#20:

uh uh (negative response).

Accepted size theory when given, but said there might be
more than one factor.
with the theory.
Did not display bracketing.

Did not reexamine data to deal
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